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Abstract 
 
Increasing use of energy affects the environment and reduces the availability of global 
resources. To effectively manage the available energy resources of a country, energy 
planning tools have been used as key decision-making instruments to support investment 
decisions and to assess long-term implications of the future options for the system, economy, 
environment, and society. 
Power system planning is about ensuring that investments in new generation, transmission 
and distribution facilities are sufficient to meet the future demand requirements in an 
economical and reliable manner. However, traditional power system planning must evolve to 
deal with many challenges coming from the deregulation of the electrical power industry, 
global warming and the lack of complete and accurate information about the future.  
The deregulation of the electrical power industry has introduced competition in the 
generation and retail sectors and has created electricity markets around the world, which in 
turn introduces uncertainties about spot prices and generation costs. These uncertainties are 
intensified by the difficulty in making long-term forecasts and predicting the unfolding of 
uncertainties over time. Global warming has encouraged the development of renewable 
energy sources and, to some extent, provided incentive to accelerate gas-to-power projects 
worldwide. Although many of these renewable energy sources are clean, they have high 
capital cost requirements and some have highly uncertain production for example, in the case 
of solar and wind generation, dependent on weather conditions. Natural gas is more 
competitive among the traditional fossil fuels in a carbon-constrained economy, leading to 
the proliferation of gas-fired power generation (GPG) in the power sector. The increasing 
share of gas-fired power generation results in a stronger interdependency between electricity 
and natural gas systems that might affect the natural gas supply adequacy and lead to 
electricity disruption. Thus, power system planning must be carried out jointly with gas 
system planning, taking into account the link between these two systems and the economic 
and physical aspects of gas. In addition, a combined decision-making model is fundamental 
in cases where the same energy system operator jointly operates both the electricity and gas 
markets and systems as is the case of the Australian Energy Market Operator (AEMO).  
This research aims to take into consideration these new challenges that have been 
introduced into traditional power system planning. A comprehensive multi-stage (dynamic) 
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model is developed to simultaneously co-optimize power and gas systems while dealing with 
variable renewable energy resources (VRE). The model employs stochastic programming to 
address the uncertainty of load growth, renewable technology development, gas prices and 
renewable energy production. The proposed multi-stage model provides a more faithful 
representation of real-world decision-making by allowing multiple investment decisions over 
time. This framework is designed to adapt investment and operation decisions to the 
unfolding of uncertainties faced by energy and gas systems over time.  
The impact of high renewable energy penetration is assessed on a realistic case of the State 
of Queensland, Australia, whereby equivalent electricity and gas networks are designed to 
capture the link between these systems and to accommodate the state’s unique availability of 
renewable energy resources. A number of cases are simulated for both individual electricity 
planning and integrated planning of the electricity and gas systems.  
All problems are cast as (stochastic) linear programming implemented using the General 
Algebraic Modelling System (GAMS) mathematical programming language, and solved 
using the IBM/CPLEX solver. 
The model results demonstrate that performing an integrated planning of electricity and 
natural gas presents benefits over separate planning of each network among which is a lower 
overall cost to expand both systems and more gas supply security as the gas constraints are 
known.  
Findings of the dynamic approach show that more robust outcomes are obtained over the 
static and rolling-window static approach. First, as it considers internal stages of the planning 
horizon as opposed to designing a static system for the end year and presents a global 
optimization window instead of successively optimizing each sub-problem separately as in 
the rolling-window framework. Second, allows the expansion plans to be adapted to future 
unexpected changes, reducing the risk of underestimating investments in new power capacity 
as in the static approach and overestimating as in the rolling-window framework.  
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Chapter 1 
Introduction 
 
1.1. Background 
 
A planning tool is a key decision-making instrument in an energy sector used to make 
efficient investment and operating decisions that ensure the dynamic balance of supply and 
demand at the lowest cost with a high level of reliability. Energy planning plays an important 
role in guiding the development of energy policies by governments, allowing assessments of 
long-term implications of future options for the economy, the environment, and society. 
Power system planning refers to a comprehensive analysis to establish the timing, 
location, sizing, and type of new facilities for power generation, transmission, and 
distribution to adequately meet the expected future demand. Generation Expansion Planning 
(GEP) addresses the expansion of the current electricity generation system, through the 
selection of the most adequate type and size/capacity of new power plants, and the 
scheduling, maintenance and replacement of existing generation plants. Transmission 
expansion planning (TEP) aims to determine when, where and what type of transmission 
lines to build considering future load demand and generation planning. It also comprises 
decisions such as reinforcement of existing transmission systems through upgrade or 
expansion/augmentation. Finally, distribution expansion planning (DEP) aims to determine 
the size, location and time to install new distribution infrastructure [1].  
Prior to 1990, the electric power industry in most countries was vertically integrated and 
regulated, with a government entity in charge of generation, transmission, and distribution. 
The main objective of the system operator in a vertically integrated utility is to minimize the 
total cost to expand the system [2]. Since a restructuring of the industry, the decisions 
regarding electric power are no longer controlled by a central agency but instead are driven 
by multiple market participants such as generators, retailers, network service providers, and 
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large customers [2]. This new structure has introduced competition into the generation and 
retail sectors and has created electricity markets around the world. The competition in the 
generation companies encouraged more efficient and lower-cost generation units with biggest 
profit margins, which intents to reduce the electricity price for customers. Each of the 
generating companies (GENCOs) has to manage their assets based on their market strategies 
and develop their investment plan, which in turn introduces uncertainties about spot prices 
and generation costs.  Transmission network planners in the deregulated environment remain 
centralized in most countries. However, they also have to deal with uncertainties, which are 
mostly due to the limited access to information from other stakeholders, like GENCOs and 
distribution participants.  
The restructuring process increased the complexity of the electricity planning because of 
the combination of monopolistic transmission and distribution networks and competition in 
the generation and retail sectors [3]. It also has to take into account the interest, behavior and 
planning strategies of several market participants and evaluate the associated risks of market 
uncertainties, such as bidding strategy and bilateral contracts of GENCOs [4], [5]. This 
present further challenges in terms of operation, which requires strengthening the level of 
coordination and regulation of the industry [3]. 
Note that the planning from the GENCOs perspective has the objective of maximizing the 
expected profit and the amount of energy to be sold, which differ from the planning from the 
market operator perspective performed in this research. 
Another factor that has challenged traditional power system planning is global warming 
and its associated concerns. These concerns have been driving governments worldwide to 
establish public policies to reduce carbon emissions through promotion of cleaner generation 
technologies. In electric power systems, this movement has promoted the development of 
renewable energy sources and to some extent provided incentive to accelerate gas-to-power 
projects worldwide. A report from the International Energy Agency [6] shows that the natural 
gas proportion of the world electricity generation has grown from 12.1% in 1973 to 22.9% in 
2015, while that of renewable sources (excluding hydro) has increased from 0.6% to 7.1% 
over the same period. Natural gas is often more competitive in a carbon-constrained 
economy, although it is not carbon free. The increasing share of gas-fired power generation 
results in a stronger interconnection between gas and electricity networks, affecting the 
overall operation and expansion planning of both systems. In an energy system with a large 
penetration of gas power plants, a gas shortage not only constrains the gas demand but could 
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also lead to electricity disruption [7]. In addition, economic aspects of gas, such as gas price 
and gas contracts could also affect the natural gas supply adequacy and the long-term 
investment decisions [8]. Renewable energy sources are clean and provide energy at almost 
negligible operational costs, but they do impose high capital cost requirements and have 
significant variability and dependence on weather and climatic conditions. In particular, their 
highly uncertain production, as well as the pace of their technological development impose a 
degree of uncertainty and may affect both short-term operating and long-term investment 
decisions.  
As such, traditional energy planning needs to evolve to cope with these new challenges 
introduced by the process of deregulation and growing environmental concerns.  
With the increasing participation of natural gas and renewable sources in electricity 
generation, an integrated analysis of gas and electricity systems is required to investigate the 
link between them and to take into account the economic and physical aspects of gas. In 
addition, a combined decision-making model for electricity and gas is paramount when 
investment and operating decisions are being made jointly by the same energy system 
operator. This is the case in Australia, where the AEMO operates Australia’s largest gas and 
electricity markets. Note that historically natural gas on the Australia’s East Coast has been 
traded through long-term bilateral gas supply agreements (GSAs), traditionally for periods of 
15 to 20 years, with little market oversight from AEMO. However, the gas industry on the 
east coast of Australia is undergoing a structural change accelerated by the Queensland-based 
liquefied natural gas (LNG) export industry and the expiration of many long-term GSAs [9]. 
In addition, as long-term planning deals with significant uncertainties such as demand 
growth, fuel prices, investment cost of technologies, and especially the increasing penetration 
of intermittent renewable energy, stochastic programming and robust decision making 
(RDM) are required to provide more accurate results. By modelling a set of scenarios, the 
stochastic method has the potential to accurately capture plausible forecasts of the uncertain 
parameters. Finally, long-term planning requires multiple investment decisions to be made 
over the years, i.e. in several stages to adjust to unexpected changes along the decision 
horizon. This is performed using a dynamic (multi-stage) method that divides the whole 
planning period into several sub-periods and allows the investment decisions to be adapted as 
some of the cost, availability and demand parameters unfold over the years.  
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In the literature, few stochastic studies have proposed a multi-stage co-optimization 
model. Those studies [10-12] that have put forth such a model simplify the multi-stage co-
planning model proposed in this research and consider a rolling-window static framework 
that successively optimizes each separate sub-problem (multiple static decisions) instead of 
optimizing the original global window. In addition, these studies disregard uncertainties 
associated with renewable generation and the effect of high renewable penetration on both 
systems.  
As such, none of the investigations conducted so far comprehensively address dynamic 
co-planning for electricity and gas systems that deal with renewable uncertainty. The 
proposed multi-stage stochastic co-planning model proposed in this research fills this gap.  
 
1.2. Thesis objectives 
This thesis aims to take into consideration the above challenges introduced to the 
traditional energy planning. The main objectives of this research are described as follows. 
1. To propose an integrated planning framework to co-optimize electricity and gas 
systems while considering new policies towards future clean energy. The proposed 
model optimizes investment decisions in new gas supply facilities, power plants, 
transmission lines and gas pipelines, and also makes operating decisions such as power 
dispatch and power flow among zones.  
2. To develop a comprehensive dynamic (multi-stage) stochastic framework for the long-
term co-planning of electricity and gas systems, in which optimal investment and 
operating decisions are made in several stages taking into consideration the 
uncertainties that often have a significant impact on these decisions. The proposed 
dynamic methodology adopts a decision sequence and system constraints using an 
intertemporal optimization that enables a “look ahead” to accurately reflect how 
uncertainties might affect decisions over the entire period. In other words, the model 
allows the original global window to be optimized instead of successively optimizing 
each sub-problem separately.  
3. To investigate the impact of the evolution of uncertainties associated with load growth, 
renewable technology development, gas prices, and renewable energy production on 
the optimal timing and location of investments and operating decisions.  
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To assess the impact of high renewable energy penetration and policies to encourage 
cleaner technologies, such as carbon cost and renewable energy targets, in the operating and 
investment decisions of both electricity and gas systems.  
4. To investigate the effectiveness of the proposed stochastic multi-stage framework on a 
realistic case study in Queensland, Australia, in which equivalent power and gas 
networks are designed to capture the link between these systems and the state’s unique 
features of renewable energy availability. 
 
1.3. Thesis Structure 
The remainder of this thesis is structured as follows. 
Chapter 2 reviews the literature relevant to the research objectives of this thesis. A 
comprehensive review of operation and long-term planning is provided, followed by a review 
of electricity and gas studies considering different solving methods, i.e. static and dynamic 
approaches. The chapter concludes with a discussion of studies that use multi-stage stochastic 
programming and consider market uncertainties, especially renewable energy uncertainties.  
Chapters 3 and 4 address the first objective of proposing an integrated planning 
framework to co-optimize electricity and gas systems. In chapter 3 the model for the 
electricity system is developed and then in chapter 4, the co-planning of electricity and gas is 
developed.  
A static generation and transmission expansion planning model that considers a single 
investment decision in new power plants and transmission lines is developed in chapter 3. 
The model aims to minimize the expected cost to supply future load demand while taking 
into account market uncertainty. The impact of environmental constraints in the model is 
assessed using different scenarios.  
Chapter 4 extends the static electricity planning to derive an integrated planning 
framework which simultaneously co-optimizes the electricity and gas systems. The 
framework employs a two-stage stochastic planning model. The first stage of the decisions is 
related to the investment in new gas supply facilities, power plants, transmission lines and gas 
pipelines for a single year. In the second stage, operating decisions are made once the 
uncertainties are disclosed. The stochastic framework is employed to represent the 
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uncertainties in the variation of renewable energy production and in the load demand profile, 
in the load growth, gas price, and, in the technology investment cost.  
A dynamic framework for the long-term expansion planning of electricity and gas systems 
to deal with variable renewable energy resources (VRE) is developed in chapter 5 and 6.  
Chapter 5 formulates the dynamic approach for the electricity system in which optimal 
investments and operating decisions in the generation and transmission of electricity are 
made at different points of the decision horizon. These decisions include which technology 
and the volume of power capacity to build, at which stage of the planning horizon, and at 
what locations in the equivalent power system to supply future load. Operating decisions like 
power dispatch and flow are also considered in the planning problem. The effects of 
renewable uncertainty in the electricity systems are assessed using a stochastic approach. A 
series of scenarios are performed and compared to assess the impact of different renewable 
energy targets as well as high renewable energy penetration throughout the planning horizon.  
Chapter 6 expands the dynamic model proposed in the previous chapter and develops a co-
planning approach for electricity and gas systems. The model is also formulated using a 
stochastic framework to accurately capture the unfolding of both short-term and long-term 
uncertainties faced by power and gas systems in different stages along the decision horizon. 
The impact of high renewable energy penetration, as well as renewable energy uncertainty in 
both systems, is assessed temporally while determining the optimal investment and operating 
decisions at several stages along the planning horizon. To prove the benefits of the proposed 
multi-stage co-planning model, we compare the results of our framework with other methods 
used in the literature. The framework is validated on a realistic case in Queensland, Australia, 
in which both networks are designed to link these systems and accommodate renewable 
resources. 
Chapter 7 concludes with the main contributions of this research and provides a summary 
of the thesis findings. In addition, recommendations for future research are also presented. 
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Chapter 2 
Literature Review 
 
2.1. Summary of Literature Review 
This chapter provides a review of the key elements of the literature on work relevant to 
this thesis research that primarily concerns electricity planning, and more specifically 
regarding more recent issues including linkages to gas network, integration of variable 
renewable energy and treatment of uncertainties. Given the focus of the current work on 
Australian National Electricity Market (NEM), the literature review also provides a more 
extensive coverage of the Australian planning study applications. First, a review of operation 
and long-term electricity planning studies is provided. Then, investigations on the combined 
planning of electricity and gas are presented considering different time horizons. These 
investigations first focus on modeling the combined operation of electricity and gas systems 
and then present the long-term planning studies. Combined planning models considering 
renewable energy are subsequently discussed. Finally, multi-stage planning studies are 
presented considering deterministic and stochastic approaches. 
 
2.2. Power system planning studies 
2.2.1. Operation planning of power system 
There are a number of studies in the literature that explore power system planning models. 
These investigations can be divided into distinct categories, such as the solution method, the 
view of the time horizon, and types of decisions, i.e. operation planning models or long-term 
planning [13, 14]. Operation planning of power system consists mainly of ensuring the 
ongoing supply of sufficient resources to operate the system in an economical manner while 
satisfying reliability and security requirements [2, 15]. To this end, operation planning 
measures different system signals, i.e. flows and voltages to establish system operating 
conditions [15]. With a timeframe of few months to a year, operation planning disregards 
9 
 
investment decisions to expand generation and transmission systems in the long term. These 
models mainly consider decisions regarding fuel purchase, generation and transmission 
maintenance scheduling [13, 16], generation unit maintenance scheduling [17], unit 
commitment decisions [18], and hydro reservoir management, among others. The relevant 
challenges and issues for electricity market operation and planning arising from the 
deregulation process are presented in [19]. Several topics involving power system operation, 
such as reliability and stability, capacity expansion and transmission planning are discussed 
in detail in [20]. 
2.2.2. Long-term planning of power system 
Long-term planning of a power system refers to a comprehensive analysis to establish the 
timing, location, type and amount of investments in new generation and transmission 
facilities to meet future demand requirements. It considers a timeframe of several years to 
decades [13]. These studies are classified according to the underlying decision-making 
framework in deterministic, scenario analysis and stochastic programming approaches.  
A deterministic approach disregards the existence of uncertainties in future market 
parameters, assuming that these are known, as in the studies [21-37]. These investigations are 
classified according to different perspectives, i.e. the perspective of the market operator, the 
generation companies and the transmission system operator. Traditional power system 
planning is formulated from a system operator perspective in which the least cost investments 
to expand generation technologies and transmission systems are derived. An integer master 
problem and a linear sub-problem are formulated in [21] to expand a power system while 
employing a reliability algorithm that assures the adequacy of the final output. Authors in 
[22] propose an enhancement to the traditional planning models to include simultaneous 
investment and financing decisions. Studies that consider the GENCOs perspective have the 
objective of maximizing the expected profit and the amount of energy to be sold. Authors in 
[23] consider the impact of several incentive systems, i.e. feed-in-tariffs, quota obligations, 
an emissions trading scheme, and a carbon tax on the generation planning problem to be 
solved by the GENCO. A bi-level optimization problem is proposed in [24], in which the first 
level includes investor profit maximization considering rival uncertainties and the second 
level consists of maximizing the social welfare. A two-stage heuristic approach is developed 
in [25] to analyse the impacts of an emissions trading scheme on the GENCO decision 
making. A generation investment planning model presented in [26] considers financial 
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aspects such as rate of return variations, market price volatility and budget scenarios. Models 
from the transmission system operator perspective are developed in [27, 28]. In [27], a 
Genetic Algorithm (GA) is employed to find the best available transmission network 
expansion plan and in [28], a bi-level model is formulated to find transmission reinforcement 
and minimize the consumer payments.  
The traditional deterministic models have evolved to address the increasing global 
warming concern. New models have been developed to integrate renewable energy resources 
[29-31] and consider objectives such as minimizing environmental impacts [32-37]. 
However, these studies disregard renewable energy uncertainties and other market 
uncertainties. Authors in [29], present a model to capture the variability and fluctuations of 
wind and solar generation at an hourly granularity and use that information in both planning 
and scheduling decisions. An optimization framework is proposed in [30] considering 
renewable energy and environmental constraints in the design and planning of power 
systems. A two-step optimization process is developed in [31], in which environmental 
impacts of building hydroelectric and thermal plants are included endogenously in the 
formulation of the model.  
Multi-objective models are proposed in [32-37]. Authors in [32] consider the objectives of 
minimizing costs, environmental impact, imported fuel and fuel price risks in the 
optimization of generation planning. A multi-period MILP model is formulated in [33] to 
minimize life cycle costs, environmental impacts, and the global warming potential. The 
study in [34] incorporates three objectives into the long-term expansion planning model, i.e. 
to minimize power generation and transmission costs, to minimize the Life-Cycle 
Greenhouse Gas Emissions (GHG) and to maximize the diversification of the electricity 
generation mix. A model to minimize cost and environmental impact is proposed in [35] to 
investigate a 15-year investment and capacity expansion problem. Authors in [36] propose an 
economic and environmental multi-objective model that integrates high penetration of 
renewable energy and controllable electric devices at the supply and demand sides, 
respectively. A model to minimize total costs, CO2 emissions, energy price and to maximize 
the system reliability is proposed in [37].  
Scenario-based sensitivity analyses are performed in the studies [38-41]. These 
investigations assess the effects of uncertainties such as load demand, fuel price, investment 
cost and carbon price on the planning decisions but without considering probability 
information as in the stochastic approach. In the scenario analysis, different sets of parameter 
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values are simulated, each corresponding to a predefined scenario with results for each of 
these hypothetical cases. A MILP for the solution of generation expansion planning is 
proposed in [38] considering several alternative scenarios of load growth, fuel prices and CO2 
emissions prices for the Greek power system. Authors in [39] investigate the impacts of load 
growth, gas price, carbon price and solar rooftop PV on generation planning of Queensland, 
Australia. Authors in [40] and [41] propose least-cost options for supplying the future 
demand of the Australian NEM with 100% renewable electricity. In [40], a sensitivity 
analysis of future carbon prices, gas prices, and storage costs is performed, whereas in [41] 
different capital costs and discount rates are simulated.  
Stochastic programming approaches have been proposed in [42-56] to consider the effects 
of uncertainties faced in electricity planning problems and their probability distribution. 
Some studies [42-44] account for electricity market uncertainties, i.e. electricity demand, fuel 
price, technology cost uncertainties and greenhouse gas emissions. Authors in [42] address 
future impacts of electricity demand, gas price, and renewable technology cost uncertainties 
on the long-term energy mix in Indonesia. A stochastic programming algorithm is employed 
in [43], where uncertainty in demand is validated using a simple test system. A multistage 
stochastic programming model is developed in [44] to address sustainable power generation 
and transmission expansion planning under the uncertainties of electricity demand, fuel 
prices, greenhouse gas emissions, and power system disruptions. 
Other stochastic investigations integrate renewable energy uncertainties into long-term 
electricity planning models, as in [45-56]. Authors in [45] and [46] explore possible pathways 
towards the decarbonization of electric energy systems. While in [45], a transition to a 
renewable-dominated system is explored using scenarios of demand growth and renewable 
energy production, in [46], a Monte Carlo technique is applied to Australian NEM planning 
while taking into account gas prices, carbon pricing policy and electricity demand. A 
stochastic model for long-term generation scheduling is proposed in [47] under the 
uncertainty of load and wind generation forecasts in the proposed scenarios. In [48], 
uncertainties of utility-scale PV power, demand growth, gas price and the technology 
investment cost uncertainties are considered in the future investment decisions. A model to 
solve a stochastic economic dispatch is introduced in [49], incorporating demand and wind 
and solar radiation randomness. Authors in [50-52] present a novel decision-support tool 
which combines optimal generation mix techniques with a Monte Carlo simulation for 
assessing future generation portfolios under uncertainties. In [50], the value of wind and 
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photovoltaic (PV) generation in mitigating the impact of fuel, carbon pricing and electricity 
demand growth uncertainties is assessed for the NEM. In [51], the model incorporates 
uncertain capital costs, fuel costs, carbon costs, and future demand (including demand 
elasticity), while in [52], the impact of these uncertainties is assessed in the future electricity-
generation portfolios. Study [53] proposes a rolling-window generation expansion planning 
approach in which load and wind generation availability are considered to be uncertain. A 
two-stage stochastic programming model is formulated in [54] under load demand 
uncertainty, combining optimization techniques with a Monte Carlo simulation. Likewise, a 
Monte Carlo simulation technique is integrated with a short-term dispatch model to deal with 
uncertainties for the NEM in [55] and to consider the variability and uncertainty of wind 
generation for Ontario in [56]. 
2.3. Natural gas planning studies 
Natural gas production and transportation planning have also been assessed individually in 
[57, 58]. Authors in [57] employ a linear programming model to optimally allocate 
Queensland’s gas production over a 10-year outlook and to decide whether new investments 
in gas infrastructure are needed. A decision support system is developed in [58] to assist gas 
supply planners in making operational gas supply and transportation decisions.  
The models presented above separately perform expansion planning of the electricity 
system and the natural gas system. However, the increasing share of gas in the electric power 
industry requires an integrated analysis to consider the link between electricity and gas 
systems and the economic and physical aspects of gas. Studies on the integrated planning of 
electricity and gas systems are presented as follows. 
2.4. Combined electricity and gas planning literature 
2.4.1. Operation planning of power and gas system 
Several studies have proposed an integrated planning of electricity and gas systems. Most 
of these investigations [59-67] assess the operation of both networks only in the short-term 
timeframe, thus disregarding long-term investment decisions to expand electricity and gas 
systems. These studies mainly consider operating decisions and challenges such as the 
security of the system [59], generation scheduling [60], security-constrained unit commitment 
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[61, 62], power system reliability [63, 64], optimal dispatch of power and gas [65], line pack 
management [66], and the impact of wind power variability on both systems [67].  
Authors in [59], assess the impact of the interdependency of the electricity and natural gas 
networks on power system security by incorporating natural gas network constraints into the 
solution for security-constrained unit commitment. The impact of natural gas prices on power 
generation scheduling and the natural gas infrastructure contingencies on the operation of the 
electrical system is assessed in [60]. A decomposition method is developed in [61] to separate 
the gas transmission feasibility and power transmission feasibility sub-problem from the 
master unit commitment (UC) problem. The electricity and gas operation of Great Britain is 
investigated in [62] to improve the unit commitment and economic dispatch decisions, while 
in [63], power system reliability is ensured by considering the velocity and compressibility of 
the gas. A planning model is proposed in [64] to optimize the topology of multiple energy 
hubs and it satisfies the reliability criteria by optimally linking the multi-energy hubs. An 
integrated electricity-gas optimal power flow problem is formulated in [65] and solved by an 
evolutionary strategy algorithm and Newton’s and Interior point method. In [66], a combined 
model is developed for a month to minimize costs of gas supplies, line pack management, gas 
storage operations, electricity generation, and load shedding, while in [67], a model is 
proposed to assess the coordination of electricity and natural gas infrastructure. 
2.4.2. Long-term planning of power and gas system 
Long-term integrated planning models are developed to determine future investment 
decisions to expand electricity and gas systems. Some of these studies [8, 68, 69] utilize a 
static approach due to the computational burden of multi-stage models. A static approach 
considers a single investment decision in the planning horizon. Authors in [8] use the 
cost/benefit ratio as an attribute to measure the best expansion plan for a single future year. 
The model represents uncertainties by using scenarios and applies a decision analysis to 
check the robustness of different planning options. In [68] interconnected energy hubs, i.e. 
combined heat and power, boiler, absorption chiller, compression chiller, electricity storage 
(Li-ion battery) and heat storage are optimally designed and sized for a single year 
considering physical gas constraints. A sequential Monte Carlo model is described in [69] in 
which a single investment decision is made to minimize gas and electricity network costs 
while considering wind generation, energy demand, and gas supply uncertainties. 
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Multi-stage models have been proposed for long-term planning to overcome the 
limitations of static models [70]. Multi-stage models divide the whole planning horizon into 
several sub-horizons to accurately capture the unfolding of uncertainties in time. This method 
allows planners to accurately capture the evolution of the system through a period of 
significant uncertainty, as opposed to designing a static system for the end year, which is 
simpler but misleading because it misses the supply of internal stages and significant 
transitional issues.  
Some studies simplify the multi-stage approach, due to the computational burdens of these 
models, by considering the rolling-window static framework. This approach successively 
optimizes each sub-problem separately (multiple static decisions), instead of optimizing the 
original global window. After finishing the optimization of a given period, the rolling 
window moves forward to the next decision point (new optimization window) and this 
process is repeated until the end of the proposed time horizon [70, 71]. Most of the rolling-
window framework models use traditional planning with no uncertainty characterization and 
no consideration of renewable energy such as in [72-77]. A decomposition strategy is applied 
to solve a rolling-window co-planning problem in [72], in which in the first stage, the optimal 
investments for a 20-year period are identified and in the second stage, the system is 
examined to determine whether or not it could satisfy the desired level of reliability. A 20-
year planning horizon is assessed in [73] to find the lowest-cost generating units options, 
transmission lines, and natural gas pipelines while satisfying the power system reliability 
criteria and checks the fuel supply feasibility. A multi-period framework is formulated in [74] 
for large-scale systems to solve natural gas load flow faster by considering grid compressors. 
A multi-stage model is proposed in [75] to co-optimize investments into and operation of gas 
and electricity networks while considering equations to transform natural gas into electricity 
and vice versa. A model for an electricity and natural gas distribution system incorporating 
distributed generation (DG) is proposed in [76] for two stages of five years each. In [77], a 
rolling-window approach is employed on a two period (i.e. 2013 and 2016) horizon to solve a 
generation, transmission, and natural gas grid expansion planning model. 
Uncertainties in rolling-window co-planning models are assessed in [10-12, 78]. Authors 
in [10] apply a flexibility criterion to identify the adaptation cost for each expansion plan 
under the uncertainties of demand growth, fuel cost, and financial constraints. An 
optimization algorithm is developed in [11] to identify the optimal co-expansion plan in 
terms of social welfare while considering energy load uncertainty. In [12], uncertainties in the 
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availability of power and natural gas system elements and inaccuracies in electric load 
forecasting are considered as a decoupled optimization problem. In [78], a linear formulation 
is developed to consider physical and economic interactions between the two systems and 
energy load uncertainty. 
Renewable energy sources are included in the co-planning models for test systems in [79, 
80] and for realistic case studies in [81-83]. In [79], a rolling-window optimization co-
planning model is proposed for a test system while accommodating wind power penetration. 
Authors in [80] propose a short-term model to optimize gas purchases, pipeline capacity 
contract and gas-fired plant operations under renewable energy uncertainty for a test system. 
In [81], wind and hydroelectric power plants are considered in a rolling-window co-planning 
model to supply electricity and natural gas for a real gas/electricity system in Brazil. A model 
to evaluate low carbon scenarios for Great Britain is proposed to establish an expansion of the 
electricity transmission and gas supply, assuming a power generation mix as given in [82] 
and determined endogenously by the model in [83].  
2.5. Multi-stage (dynamic) models 
Multi-stage (dynamic) models with no simplification as in the rolling-window approach 
are employed for only the electricity system in [84-88]. In [84], a multistage stochastic 
programming model is formulated to manage greenhouse gas emissions and plan an 
electricity system taking into account uncertainties. A linear decision rule (LDR) is proposed 
in [85] to allow multiple investment decisions while considering demand growth and 
investment costs of generating units as uncertain.  
Dynamic wind investment planning is addressed from an investor point of view in [86-88]. 
An investor’s optimal strategy is proposed in [86] to assess the impact of future demand 
uncertainty on the optimal timing of new power generation capacity and its influence on 
future electricity prices. A framework is described in [87] and [88] where wind power 
producers make a sequential decision to maximize their profit taking into consideration 
conditional value at risk (CVaR) as a risk measure. 
2.6. Context of Australian National Electricity Market (NEM) and Gas 
market  
The NEM is a wholesale market through which electricity is generated and traded 
across five connected regions on the East Coast of Australia, i.e. Queensland, New South 
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Wales (including Australian Capital Territory), Victoria, Tasmania and South Australia, 
which cover around 80% of all electricity consumption in the country [89].  
There are several agents that are responsible for establishing the rules for the operation 
of the electricity wholesale, transmission market as well as gas transmission, gas retail 
functions among others. The Australian Energy Market Commission (AEMC) is responsible 
for developing the National Electricity rules for the operation of these markets. The 
Australian Energy Regulator (AER) enforces the rules and makes judgments on the 
regulatory proposals of monopoly network operators.  
The Australian Energy Market Operator (AEMO) is responsible for the operation of 
the electricity and gas markets and provides planning and forecasting information to support 
decision-making process and long-term investment in Australia's electricity and gas markets. 
It publishes several planning reports annually to help industry and government to make their 
decisions. Among them are the assessment of the supply adequacy in the NEM for the next 
10-year outlook period in [90] and [91], forecasting of electricity consumption and maximum 
demand over a 20-year outlook period [92] and presentation of a view of the NEM 
transmission grid development over a 20-year planning horizon [94]. AEMO also provide 
planning and forecasting reports for gas market, publishing reports annually. These reports 
cover the gas consumption, maximum gas demand [97] and transmission, production, and 
reserves supply adequacy of eastern and south-eastern Australian gas markets for 20-years 
[98]. 
AEMO collect data from industry participants that are used as an input for the long-
term plan models. These models incorporate the assumptions on their scenarios and cover a 
range of possibilities that consider demographic changes, economic activity, technology 
developments, cost forecasts and network development options [95]. They also simulate the 
operation of energy networks to determine possible outcomes and investment decisions under 
different demand, technology, policy and environmental conditions[94] and [95]. 
The energy sector in Australia has experienced a lot of changes since the National 
Electricity Market (NEM) was established, which are impacting supply and demand and 
making operation and planning of electricity even more challenging. In the electricity market, 
these changes are mainly due to the increasing distributed energy resources, emerging 
technologies, such as batteries and electric vehicles, and shifting consumer preferences. The 
gas industry on the east coast of Australia is undergoing a structural change to a more 
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interconnected network supporting a series of increasingly interlinked markets. This 
transformation of the east coast gas market has been accelerated by the development of 
Queensland-based liquefied natural gas (LNG) export industry and the expiration of many 
long-term GSAs [9] and [97]. Historically natural gas on Australia’s East Coast has been 
traded through long-term bilateral gas supply agreements (GSAs), traditionally for periods of 
15 to 20 years, with little market oversight from AEMO. The size of the LNG export demand 
and the variable nature of the coal seam gas wells supplying the LNG production facilities 
may result in a more active role and trading of participants managing their gas portfolios 
through short-term trading of gas [99]. These transformations in the East Coast gas market 
has been impacting the gas flow, wholesale prices as well domestic gas demand on the east 
coast [9], [97] which ultimately brings further challenges to the long-term planning. 
2.7. Gaps in the literature and contributions of this thesis 
As the literature review suggests, the investigations conducted to this point in time do not 
comprehensively address a multi-stage co-planning of electricity and gas systems that deal 
with renewable uncertainty. The proposed modelling and case study fills this niche. Overall, 
the main contributions of this thesis are as follows. 
 Propose a strategic integrated planning framework for electricity and gas systems 
to optimally co-optimize a realistic power and gas system considering renewable 
energy resources.  
 Develop a comprehensive multi-stage framework for the long-term co-planning of 
electricity and gas systems in which optimal investment and operating decisions 
are made incorporating both short-term uncertainties (variable renewable energy 
production and load demand profile) and long-term uncertainties (load growth, gas 
price, and investment cost) in multiple stages as the various uncertainties unfold.  
 Investigate how the evolution of uncertainties impacts on the optimal timing of 
investments and operating decisions in electricity and gas systems.  
 Assess the impact of high renewable energy penetration as well as renewable 
energy generation uncertainty on a realistic power and gas system by adopting a 
stochastic approach and different renewable energy targets across the planning 
horizon. 
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Chapter 3 
Static Electricity Investment Planning 
 
Nomenclature 
A) Indices and Sets  
  Index for system bus 
  Index for power generation units 
  Index for load demand  
k Index for transmission lines 
r(k)  Receiving-end node of transmission line k 
s(k)  Sending-end node of transmission line k  
  Index for time period 
  Index for scenarios 
   Set of new transmission lines 
    Set of existing transmission lines 
    Set of renewable energy units 
   Set of demands connected to bus  
 
B) Variables 
    
    Binary variable indicating if new transmission line is built or not 
in scenario    
     
    Electricity production of existing power generation unit   during 
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time period   in scenario   [MW] 
     
   Electricity production of new power generation unit   during time 
period   in scenario   [MW] 
   
    Power capacity to be built for new power generation unit i in 
scenario   [MW] 
   
     Power capacity of existing power generation unit i [MW] 
       Voltage angle at bus n in time period t in scenario w  
       Power flow through transmission line k in time period t and 
scenario w [MW] 
C) Parameters 
      
   Demand at bus n, during time period t and scenario   [MW] 
        Capacity factor of power generation unit i and during time period t 
[p.u] 
   
     Annualized capital cost of new power generation unit i in scenario   
[$/MW] 
  
     Annualized capital cost of new transmission line k [$] 
    
   
  Variable operating cost of existing power generation unit i during 
time period t [$/MWh] 
    
  
  Variable operating cost of new power generation unit i during time 
period t [$/MWh] 
  
   
  Fixed operating and maintenance cost of existing power generation 
unit i [$/MW/year] 
  
  
  Fixed operating and maintenance cost of new power generation unit 
i [$/MW/year] 
     Carbon Cost [$/ton CO2] 
  
    
  Maximum capacity investment potential of power generation unit i 
[MW] 
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        Minimum generation by renewable energy target [MW] 
    Emission of unit i [tons CO2-e/MWh] 
  
     Maximum capacity of transmission line k [MW] 
     Duration of each time period t [hour] 
    Susceptance of transmission line k [p.u] 
     Probability of scenario   [%] 
 
3.1 Introduction
1 
 
Electricity investment planning determines optimal investments in new generation, 
transmission, and distribution systems to meet future demand. It is an evolving process as 
planners around the world continue to face new challenges. Some of the challenges that 
impact energy planning are:  
i) environment concerns that encourage cleaner technologies, 
ii)  economic aspects that impact the economic growth and technological 
development,  
iii)  deregulation of the electricity system intensifies the lack of complete information 
and market uncertainties in the long-term.  
As such, adequate energy planning is required more now than ever to adapt the current 
infrastructure for future needs by identifying the system’s bottlenecks and providing a robust 
expansion plan that takes into account a variety of possible future conditions.  
                                                 
1
 This chapter is based on the following publications of the candidate: 
1. Juliana B. Nunes, Nadali Mahmoudi, Tapan. K. Saha, and Deb Chattopadhyay, “Generation Expansion 
Planning in Queensland under Rooftop Photovoltaic Penetration and Gas Market Uncertainties,” 
Proceedings of the IEEE PES Asia-Pacific Power and Energy Eng. Conf. (APPEEC), Brisbane, 
Australia, 15–18 Nov, 2015  
2. Juliana B. Nunes, Nadali Mahmoudi, Tapan. K. Saha, and Deb Chattopadhyay, “Stochastic Generation 
and Transmission Planning Considering Future Renewable and Gas opportunities in Queensland, 
Australia,” Proceedings of the IEEE Power & Energy Society General Meeting, Boston, USA, 17–21 
July, 2016. 
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In this chapter a long-term generation and transmission expansion planning is proposed 
while considering renewable and other market uncertainties. A stochastic programming 
approach is mathematically formulated to account for 27 different possible scenarios of 
renewable power and new technology investment costs, load growth and gas prices. This 
framework adopts a static planning approach in which a single investment decision is made 
during the decision framework. The planning problem for a realistic case study of the state of 
Queensland is solved using four distinct cases to assess the impact on investment decisions of 
carbon costs, the renewable energy target and retirement of coal-based generation units. 
3.2. Static electricity Planning Framework  
The proposed long-term investment model determines what technology to build, the size and 
location of new builds and also whether a new transmission line needs to be built to satisfy 
future load demand. The model is formulated as a stochastic static electricity investment 
model in which a single investment decision is made at the beginning of the planning horizon 
to supply the end of planning horizon, taking into consideration uncertainties.  
Stochastic programming is a modeling framework for decision-making problems under 
uncertainty. Each uncertain parameter of a problem is modeled by a set of finite outcomes 
where each outcome represents a plausible realization of the uncertain parameters associated 
with a probability of occurrence [101]. The objective of the stochastic framework is to obtain 
a solution to a problem that presents an expected value for all scenarios considered, which 
means a solution that performs well on average [102]. Then, a stochastic optimization 
problem can be formulated by weighting the individual solutions of each scenario by their 
respective probabilities to achieve a single optimal solution [101]. 
The stochastic programming formulation presented in this thesis fits into the existing 
stochastic programs categories in terms of the characteristics of the model, where generation 
and transmission decisions are made taking into consideration uncertainties and their 
probability information [70]. 
The static model comprises two-stage decisions as seen in the scenario tree of Fig. 3.1 
[70]. In the first stage, investment decisions in new power plants and transmission lines are 
made for a future target year. These decisions are independent of scenario realization of the 
stochastic process (here and now decisions), since they are made before the random process. 
The operating decisions are made in the second stage once the uncertainties are disclosed. 
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These decisions are dependent on the realization of the stochastic process (wait and see) 
[101]. A scenario tree is a representation of the random process, which is composed of a 
finite set of nodes and branches. While the nodes are the points at which decisions are made, 
branches represent different scenario realizations of uncertain parameters [101].  
 
Figure 3.1. Scenario tree of the integrated planning model 
 
3.3. Problem Formulation 
The proposed investment model with stochastic generation and transmission systems is 
formulated in (1)–(10). The model aims to find the least cost investments in new generation 
units and transmission lines to supply the projected 2030 load demand.  
Minimize cost=
  , , , , , , , , , , , ,
1 1 1 1 1 1 1
, , , ,  
, 
1 1
2
,
1
.( )  .  ( ).  ( . . )
.
.
.  
W I I I I
V Ex Ex V N N Ex N
i t i t w i t i t w i i t w i i t w
w t i i t i i
I I I
F N C N F Ex C Ex Inv
i i i w i i i w
i i i
T T
COw t C p C p t C Em p Em p
C p C p C
  
      
  
 
 
  
    
  
 
 
 
 

      
   ,
 
,
  
.  .  
N
NInv K
i w k w
k
N
K
Cp C xfe

 
 
 




 
                  
Subject to: 
Beginning of planning 
horizon
End of planning 
horizon
Inv. Decision 
(1st  Stage)
Operating Decision 
(2nd Stage)
Root 
Branch
Node 
24 
 
 , , , , , , , , ,| ( ) ,|
; , ,L
Ex N D
i t w i t w k t w k t w N t wi n i n k s k n k r k n l n
p p f f P n t w
    
       
 

  
, ,    ;  ,  
max max
k k t
E
w k
xF f F k K w    
 

, , ,; ,
max max N
k k t w kF f F tk K w   
 

 , , , , , , .  ;  ,  , k t w k n t w np xt Ewf B t k K w    
 

, , , , , , ,. ( ; ,)
NK N
k t w k w n t w np t wf B xfe t k K w    
 

, ,
,   ;   
C N C max
i w ip P i 
 

,
, , ,  ,  0   . ; ,  
C N
i t w i
N
w i tp p CF t i  
 

,
, , ,  0   .  ; ,  
C ExE
i t w i i t
xp p CF t i    

 , ,  , ,
1  
( ). ( ) ;  
RE
N
T
minRE
i t w i t w
t i I
Ext p p E w
 
    

The objective function in (1) minimizes the expected cost to expand generation and 
transmission facilities for 2030. The first and second terms in round brackets represent the 
variable operating cost. The third and fourth terms in round brackets address the carbon cost 
incurred by carbon dioxide emissions by the existing and new generating units. Note that 
carbon cost represents a different type of cost to those associated with building, maintaining 
and fueling generators. It is a pollution tax applied to the largest carbon emitters to encourage 
the carbon emission reduction and the development of clean energy technologies. Altough 
carbon price is paid to the government for carbon emission and therefore represent a different 
type of cost, there are many implications that should be considered in the long-term planning. 
Among them is the increase in retail electricity and gas price as the emitters companies might 
want to offset their ost increase and the and the loss of competitiveness of these companies 
that have their cost increased with the tax payment. Fixed operational cost accounts for the 
fifth and sixth terms. Investment cost of building new generation plants and new transmission 
lines accounts for the seventh and eighth terms, respectively.  
25 
 
Constraint (2) ensures the power balance at every bus, time period and scenario. 
Constraints (3) and (4) ensure a maximum and minimum power flow through existing and 
prospective transmission lines, respectively. Constraint (5) and (6) represent the power flow 
of existing and prospective transmission lines, respectively. This equation is linearized to 
achieve the global optimum solution of the problem. This might not be true for a nonlinear 
problem, which may provide a local optimum solution. To this end, equations (4) and (6) are 
replaced by (4.1) and (6.1), respectively, applying the linearization technique used in [45]. 
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Constraint (7) limits the power capacity that can be built using each type of generation 
technology in each scenario. Maximum and minimum limits for power generation from new 
and existing generating units are constrained by constraints (8) and (9). Electricity generation 
of new and existing power generation units in the equation 8 and 9 is the product of the 
power capacity built for 2030 and the capacity factor of the generation unit. Note that we 
have considered the current capacity factors for fossil fuel plants. For renewable energy 
sources, the capacity factor is based on hourly historical data of wind, solar PV for 2008, 
2009 and 2010. We have assumed that the capacity factor of electricity generators won’t 
change over the years for computational tractability although some changes may be observed. 
Constraint (10) ensures minimum generation by renewable energy sources for the target year 
for all scenarios considered.  
3.4. Case Study 
3.4.1. Data 
The proposed framework is applied to the realistic case of the state of Queensland within 
the Australian NEM, the location of which is shown in Fig 3.2. To this end, we have built an 
equivalent system for the state of Queensland, which comprises 11 existing buses, as seen in 
Fig. 3.3. These buses are divided into four regions: North Queensland (NQ), Central 
Queensland (CQ), South East Queensland (SEQ) and South West Queensland (SWQ). An 
additional bus (bus12) is proposed to the existing network to accommodate the excellent 
availability of renewable sources.  
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Figure 3.2. Australian map with states and territories shown 
  
Figure 3.3. Queensland equivalent electricity system 
 
The current Queensland power system comprises 23 power plants, i.e. 3 hydro power 
plants, 8 black coal plants and 12 gas-fired plants (5 Combined Cycle Gas Turbine (CCGT), 
12
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6 Open Cycle Gas Turbine (OCGT), and 1 cogeneration plant using natural gas). Their 
existing generation capacity and their retirement capacity announced by the market operator-
AEMO are presented in Table 3.1 [103, 104]. 
Table 3.1. Existing generation capacity and retirement capacity 
Generators 
Existing 
Capacity 
Retirement 
capacity by 2030 
(MW) (MW) 
OCGT 1,879 458 
CCGT 1,418 385 
Black Coal 8,186 190 
Hydro 652 0 
 
We propose four new technologies, i.e. OCGT, utility-scale solar PV (single axis 
tracking), onshore wind and hydro power plants to meet the projected 2030 load. Note that no 
CCGT is proposed for 2030. This meets the assumption of Australian Energy Market 
Operator (AEMO) that does not include any future CCGTs in its planning [103]. Although 
the state has historically been dependent on coal for the bulk of its power generation, our case 
study does not consider any new coal plants due to their high carbon emission factor. The 
location of proposed generation units is an input data based on reports published by AEMO 
on the best conditions in which to build these new technologies among a subset of buses 
[103] and [105]. Each of these technologies can be built up to the maximum capacity 
proposed in each bus, which is based on AEMO reports [103] and [105]. Note that any 
amount of capacity can be built up to the limit provided in Table 3.2.  
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Table 3.2. Location and capacity of new generators 
Bus Generators Number 
Max capacity 
(MW) 
12 
 
Wind 2 700 
Solar PV 1 125 
1 Wind 1 400 
 
2 
 
Hydro 1 500 
OCGT 1 360 
Wind 2 700 
3 Wind 1 400 
4 Solar PV 1 300 
7 OCGT 1 1000 
9 Wind 2 800 
11 OCGT 3 1550 
 
Table 3.3 presents economic and environmental data for new generation units based on 
existing forecasts from [106-108] and Table 3.4 shows the parameters of the proposed 
transmission line. 
Table 3.3. New generator parameters 
Technology 
 
Total capacity 
proposed 
Fixed Cost 
Variable 
Cost 
Emission 
Factor 
(MW) ($/MW) ($/MWh) (tCO2/MWh) 
Wind 3000 45,000 12.5 0 
Solar PV 325 30,000 (to 100 MW) 0 0 
OCGT 2910 4,000 10.4 0.52 
Hydro 500 5,000 5.0 0 
 
29 
 
Table 3.4. Parameters for the proposed transmission line 
Type 275 kV Single circuit 
Length (Km) 300 
Annual. Inv. Cost ($/Km) 76,650 
Max capacity (MVA) 1,100 
 
3.4.2. Uncertainty characterization 
3.4.2.1. Short-term uncertainty 
Wind and utility-scale solar PV production and load demand are considered to be short-
term uncertainties. Wind and utility-scale solar PV production vary throughout a year, with 
hourly, daily and seasonal patterns. This is also true for the load demand of the system, 
particularly when integrating rooftop PV as a negative demand. These short-term 
uncertainties impact future investment decisions where the constraints of balancing demand 
in the power system operation matters. Note that load demand is also a long-term uncertainty 
since it can vary considerably over the years. In chapters 3 and 4 we have considered three 
scenarios of load growth and in the chapters 5 and 6 two scenarios of load growth are 
considered for each stage, resulting in 8 scenarios in total.  
To capture these short-term uncertainties, the following approach is used. Wind and 
utility-scale solar PV uncertainties are addressed using their capacity factors (i.e. their real-
time production over their peak values), which are obtained for all locations in the given 
network. Demand variation throughout a year is also illustrated by its normalized values (i.e. 
hourly demand over peak demand) for all buses.  
Three possible scenarios of net demand, wind and utility-scale solar PV production are 
simulated based on their historical data over three years, i.e. 2008, 2009 and 2010 obtained 
from [105]. Each year of historical data represents one scenario of net demand, wind and 
utility-scale solar PV production. To obtain three scenarios of net demand, the following 
approach is used. Firstly, we use the hourly roof-top PV power traces (per MW) for these 
three years. Then, these roof-top PV scenarios are scaled up based on the roof-top PV 
capacity forecast for 2030, which is provided by AEMO [105]. Lastly, the hourly rooftop PV 
forecasts are subtracted from the original 2030 load forecast, in order to obtain three 
scenarios of the net demand. As for the wind and utility-scale PV scenarios, their hourly 
capacity factors from the same three years (2008, 2009 and 2010) are used to represent their 
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scenario realizations [105]. We have created the following matrix to jointly address wind and 
solar PV capacity factors as well as the normalized demand.  
 
 
 
 
 
 
 
 
 
 
                                                    
                                                    
                                                    
                                                   
                                                   
                                                   
                                                      
                                                      
                                                       
 
 
 
 
 
 
 
 
 
 
We obtained a set of 8760 operating conditions (one for each hour of a year), each one 
representing normalized demand, wind and solar PV power capacity factor for each bus. One 
issue here is that the size of the dataset of renewable capacity factors as well as normalized 
demand may render the stochastic problem intractable. Therefore, we need to reduce the 
dimensionality of the given dataset. One approach is to use clustering techniques such as k-
means [88, 109, 110], whereby, each cluster is grouped according to similarities based on the 
historical values of demand, wind and utility-scale solar PV of each node of the system. The 
centroid of each cluster is represented by the mean value of these historical observations. In 
this technique, the given dataset, i.e. wind, solar PV capacity factors, and demand, is grouped 
in such a way that data points in the same group (cluster) are more similar to each other than 
to those in other clusters. Each cluster represents a distinct condition of demand and 
renewable capacity factor. The weight of each time period is represented in hours and the 
number of hours is associated with the original sample size that each aggregate point 
represents. Note that this technique allows a correlation of demand, wind and solar PV power 
in different nodes and time periods [88]. By using this technique, the total number of 
operating points is reduced to a small number of clusters which in our study is represented by 
24 clusters.  
By using historical data of three whole years, we are able to cover seasonal, daily and, 
hourly variations of renewable sources and demand. That is, we ensure that clusters capture 
appropriately the extreme situations, such as periods of high demand at times of low PV and 
wind generation capacity factors as well as other combinations of demand and renewable 
energy. 
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3.4.2.2. Long-term uncertainty 
Investment costs of new technologies and gas price are considered with long-term 
uncertainties. Three different scenarios of investment cost are considered based on [111] as 
seen in Table 3.5. Note that these capital costs are annualized capital using a 9% interest rate 
and a lifetime of generation plants equal to 20 years, based on [45]. Gas price uncertainty is 
also modelled by using three scenarios, i.e. $14.4/GJ, $15.9/GJ and $17.6/GJ [111]. 
Table 3.5. Investment cost of technologies 
Technology 
Annualized Inv. 
Cost reference 
Annualized Inv. Cost 
fast rate of change 
Annualized Inv. Cost 
slow rate of change 
($/MW) 
Hydro 351,629 339,308 352,962 
Wind 270,800 257,698 352,700 
Solar PV 309,576 249,756 387,537 
OCGT 79,249 87,174 71,324 
 
Overall, there would be 27 scenarios, which is the product of 3 investment costs, 3 gas 
prices and 3 demand, wind and utility-scale solar PV production scenarios with equal 
probability of 1/27. Note that employing a stochastic programming approach represents a 
significant increase in the size of the problem and often some simplifications are required to 
be computationally tractable. The assumption adopted for our analysis that considers equal 
probability for all scenarios is made given the complexity of the probabilistic technique. We 
also have found examples the literature in [112], [113] and [114] that employed a stochastic 
programming with equal probability of occurrence to represent different scenarios.    
3.5. Simulation Results 
The proposed model is formulated as a mixed-integer linear programming, which is solved 
using CPLEX implemented in General Algebraic Modelling System (GAMS) [126]. GAMS 
is a high-level modelling system for mathematical programming and optimization and is 
employed to solve complex, large scale modeling applications and different optimization 
problems.  
Four different cases are considered here.  
1. Case 1 simulates the expansion planning of the electricity system without 
considering the impact of any environmental constraint.  
32 
 
2. Case 2 assesses the impact of the addition of $24 per ton carbon cost into the 
investment decisions.  
3. Case 3 simulates the impact of different renewable energy support, i.e. carbon cost 
and minimum renewable energy target. This paper assumes a minimum of 20% of 
the projected 2030 load demand as a target to be supplied from renewable energy 
sources.  
4. Case 4 simulates all the environmental considerations in case 3 plus the impact of 
retiring 1.7 GW of coal generation capacity. 
Fig. 3.4 depicts the new power capacity built for 2030 and the expected cost for each case.  
 
Figure 3.4. Expected power capacity and expansion cost for each case 
Case 1 presents the lowest expected cost of all cases, of approximately $1.5 billion. In this 
case, all hydro capacity and OCGT plants proposed are built given their lower costs 
compared to other technology options. Apart from hydro, wind is the only renewable 
resource built at a capacity of just above 0.79 GMW.  
The addition of a $24/ton carbon cost in case 2 does not change the investments in new 
power capacity. This is because even with an increase in the total cost to invest in generating 
capacity for fossil fuel generators such as gas plants, the other cost components, i.e. fixed 
cost and mainly capital cost are still much higher for renewable sources than for gas plants. 
That is, OCGT plants are still more economical than wind and solar PV in our case study, 
which results in no change in new generation capacity investments for these two cases. 
Although investments do not change between cases 1 and 2, the expected cost to expand the 
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electricity system almost doubles, with an increase of 85%. As Queensland’s electricity 
system is highly dependent on coal-based generation, which has the highest carbon emission 
rate among generation sources, the inclusion of the cost for carbon emissions significantly 
increases the total cost. 
Case 3 invests significantly in new renewable capacity to meet the renewable energy target 
proposed. While wind capacity increases from 0.79 GW in cases 1 and 2 to 2.74 GW in case 
3, 0.27 GW of utility-scale solar PV is also built in this case. In addition, a new transmission 
line is required in case 3 to transfer power from wind units located at the new bus 12. These 
investments increase the expected total cost by $1.8 billion compared to case 1, with a total 
expected cost of $3.32 billion.  
Case 4 presents a similar renewable investment strategy to case 3 but it builds an 
additional 0.93 GW of gas capacity (OCGT) to offset the coal retirement plans. This result in 
an additional $10 million in expected cost compared with case 3.  
Note that the total installed capacity built increases 53% from case 1 (4.2 GW) to case 4 
(6.4 GW) due to the low capacity factors of solar PV and wind units. Furthermore, renewable 
sources are built only in cases with renewable energy targets, i.e. cases 3 and 4. When no 
renewable target is set, OCGT plants are the best candidate among all proposed generation 
options for cost minimization. This indicates the role of public policies in developing 
renewable sources. 
Fig. 3.5 depicts expected carbon dioxide emissions as well as the generation mix for each 
case.  
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Figure 3.5. Expected power generation and expected emissions by case 
By comparing the expected power generation of all cases, it can be seen that hydropower 
generation occurs at its maximum limits in each case. Note that this amount includes the 
electricity generation from existing and new hydro power plants. This technology is chosen 
over other renewable energy sources due to the higher predictability to generate electricity 
and lower fixed cost. Although coal remains as the main source to supply electricity in 2030, 
when environmental constraints are applied, its production reduces from 45.8 TWh in case 1 
to 38.5 TWh in case 4. Although the expected total cost increases with the introduction of 
these environmental constraints, environmental benefits can be seen, such as the decline in 
the expected carbon dioxide emissions from 50 Mton of CO2 in case 1 to 42 Mton of CO2 in 
case 4. 
3.6. Summary 
This chapter presented a static electricity planning model in which electricity generation 
and transmission investments are made for a single future year while considering short-term 
and long-term uncertainties. The proposed model is applied to a realistic network for the state 
of Queensland, Australia in which optimal expansion plans in power plants and transmission 
lines are proposed to supply the projected 2030 load demand. 
Findings of the case study indicate that Queensland will continue to remain dependent on 
coal for its electricity generation through to 2030, although the share of coal as a source of 
power generation will decrease as more environmental requirements are introduced. 
Significant investments in renewable capacity and a new transmission line are required to 
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meet the proposed renewable target. This increases the expected total cost to expand the 
electricity system, but on the other hand environmental benefits are seen.  
The next chapter will extend the static electricity investment model proposed in this 
chapter to consider gas constraints. A combined electricity and gas optimization framework is 
proposed in which investments for both systems are made for a single year.  
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Chapter 4 
Static Co-planning of Gas and Electricity 
 
Nomenclature 
A) Indices and Sets  
  Index for system bus 
  Index for power generation units 
  Index for transmission lines 
r(k)  Receiving-end node of transmission line k 
s(k)  Sending-end node of transmission line k 
  Index for load demand 
  Index for time period 
  Index for scenarios 
    Set of renewable energy units 
        Set of gas-fired power plants 
   Set of new transmission lines 
    Set of existing transmission lines 
   Set of power demands connected to bus  
  Index for blocks  
g Index for natural gas supply projects 
j Index for natural gas pipelines 
     Receiving-end node of natural gas pipeline j 
     Sending-end node of natural gas pipeline j 
   Index for gas nodes  
   Set of new natural gas supply projects  
   Set of new natural gas pipelines 
    Set of existing natural gas pipelines 
    Set of gas demand connected to gas nodes 
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B) Variables  
    
   Binary variable indicating if new transmission line is built or not in 
scenario    
     
   Electricity production of existing unit   during time period   in scenario   
[MW] 
     
  Electricity production of new unit   during time period   and scenario 
 [MW] 
           
  Electricity production of existing and new gas-fired unit   during time 
period   and scenario  [MW] 
   
  
 Power capacity to be built for new unit i and scenario   [MW] 
   
   
 Power capacity of existing unit i [MW] 
      Voltage angle at bus n in time period t in scenario w  
      Power flow through transmission line k in time period t, and scenario w  
[MW] 
    
   Binary variable indicating if new gas pipeline is built or not in scenario w  
       
  Gas flow j in block b, time period t,  and scenario w [TJ] 
     
   Gas supply capacity of new gas projects g in block b and scenario w  
[TJ/year]  
    
    Gas supply capacity of existing gas projects g and in block b [TJ/year] 
       
   Gas production of new gas supply projects g in block b, time period t, and 
scenario w [TJ/ h]  
       
    Gas production of existing gas supply projects g in block b, time period t, 
and scenario w [TJ/h]  
 
C) Parameters  
      
  Demand at bus n, during time period t and scenario   [MW] 
      Capacity factor of electricity unit i during time period t [p.u] 
   
    Annualized capital cost of new generation units i and in scenario   
[$/MW] 
  
    Annualized capital cost of new transmission line k [$] 
    
   
 Variable operating cost of existing electricity unit i and during time period 
t [$/MWh] 
    
  
 Variable operating cost of new electricity unit i and during time period t 
[$/MWh] 
  
   
 Fixed operating and maintenance cost of existing electricity unit i 
[$/MW/year] 
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 Fixed operating and maintenance cost of new electricity unit i 
[$/MW/year] 
     Carbon Cost [$/ton CO2] 
  
     Maximum capacity investment potential of unit i [MW] 
       Minimum renewable energy target [MW] 
    Emission of unit i [tons CO2-e/MWh] 
  
   
 Maximum capacity of transmission line k [MW] 
     Duration of each time period t [hour] 
   Susceptance of transmission line k [p.u] 
     Probability of scenario   [%] 
     
    Participation factor of gas supply facilities g and in block b [p.u] 
  Conversion rate of electricity to gas [p.u.] 
 
    
  Gas demand at gas node ng and in block b [TJ] 
  
    
 Maximum limit of gas supply of projects g [TJ] 
  
    
 Maximum gas flow of gas pipeline j [TJ] 
    
  
 Operational cost of gas production facilities g and in block b  [$/TJ] 
  
    Annualized capital cost of new gas production facilities g  [$] 
  
    Annualized capital cost of new gas pipelines j  [$] 
     Duration of each block b [day] 
 
4.1. Introduction
2
 
 
Natural gas and renewable energy resources have been playing an important role in a 
carbon-constrained power industry. The increasing share of gas-fired generation leads to a 
stronger interdependence between electricity and natural gas systems as the link between 
these systems is made through gas-fired plants. In the natural gas system, these plants are 
considered to be a gas demand while in the electricity network they are electricity suppliers. 
                                                 
2
 This chapter covers the following publication of the candidate: 
1. Juliana B. Nunes, Nadali Mahmoudi, Tapan. K. Saha, and Deb Chattopadhyay, “A Stochastic 
Integrated Planning of Electricity and Natural Gas networks considering High Renewable Penetration,” 
Energy vol. 153, pp. 539-553, April 2018. 
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Thus, a gas shortage not only constrains the gas supply but could also lead to electricity 
disruption [115].  
As such, an integrated planning analysis of electricity and gas systems is required to 
include economic and physical aspects of gas while optimally managing the long-term 
investment decisions in both networks. When these systems are planned separately, the 
interactions between them and operational and security issues are disregarded [66].  
The intermittent production of renewable sources must also be taken into account in the 
integrated planning as this might affect the planning and operation of electricity and gas 
systems. In addition, in the long-term, the decision-making process is strongly impacted by 
the difficulty of forecasting the parameters in the future. To address these issues, it is 
imperative to use methods that consider different realizations of these parameters. A 
stochastic framework allows uncertainty to be represented in the parameters and assigns a 
probability of occurrence for each of the scenarios considered, which minimizes the risk of 
uncertainties.  
Stochastic co-planning models are employed in [10-12], where they mostly consider load 
uncertainty. Renewable energy is considered in the co-planning studies [79] and [80] for a 
test system and for realistic case studies in [81-83], but they do not model renewable energy 
uncertainty.  
This chapter develops a comprehensive long-term integrated planning approach for 
electricity and gas in which renewable uncertainty and other market uncertainties are 
considered using stochastic programming. The proposed long-term model is a static planning 
problem formulated to optimize the 2030 investments for both networks. The model is 
applied to an electricity and gas network based on that in the state of Queensland in Australia, 
where existing supplies and transmission networks are accurately captured. An extension of 
the proposed scheme is considered to accommodate higher penetrations of renewable energy 
and to assess their impacts on both systems. 
4.2. Static integrated planning framework 
The proposed integrated planning scheme aims to simultaneously expand the electricity 
and natural gas systems for a single future year while taking into account uncertainties. 
Investments in electricity and gas systems are intended to satisfy the future demand on both 
systems at the lowest cost for 2030. While the expansion for the natural gas network 
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considers the investments in new gas supply facilities and gas pipelines, the planning for the 
electricity system is used to decide which power plants to build, and where, and whether new 
transmission lines are needed.  
A static stochastic model comprises two-stage decisions as presented in section 3.2 of 
chapter 3. While the first stage decisions are related to the investment in new power 
technologies, transmission lines, gas supply facilities and gas pipelines, the second stage 
takes into account the operating decisions that are made once the uncertainties are disclosed.  
A flowchart to illustrate the proposed co-planning model framework is presented in Fig. 
4.1. Note that each big box represents a stage. Initially, data from electricity and natural gas 
systems are obtained from the existing forecasts made by AEMO, Powerlink and other 
utilities. This input data is used to validate the mathematical modelling and then to feed the 
optimization tool. The proposed model includes generation expansion planning, transmission 
expansion planning as well as the expansion of gas supply and gas transmission. This means 
that the model optimizes both electricity and gas investment decisions simultaneously. The 
problem is formulated as a mixed integer linear programming and solved using CPLEX 
implemented in the GAMS programming language. Among the results obtained are optimal 
investments in new technologies, i.e. wind, solar PV, and gas as well as new transmission line 
and pipeline investments, their location in the equivalent systems and operating decisions.  
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Figure 4.1. Flowchart of the proposed long-term co-planning model 
 
4.3. Formulation of the integrated planning model 
The proposed integrated planning problem is formulated in (1)–(16).  
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The integrated planning approach, detailed in (1a) and (1b), is formulated as a 
stochastic cost function, assigning a probability distribution to a set of possible scenarios. The 
model aims to minimize the costs to expand generation units, transmission facilities, gas 
supply facilities and gas pipelines.  
The minimization of the electricity system is defined in (1a). The first and second terms in 
round brackets represent the variable operating cost of existing and new generation units. The 
carbon cost of existing and new generating units is accounted for in the third and fourth terms 
in round brackets. The fixed operational cost, represented by the fifth and sixth terms, 
depends on the capacity of the new generators. The seventh term represents the investment 
cost of building new generation units, i.e. wind farms, utility-scale solar PV, Combined Cycle 
Gas Turbines (CCGT) and Open Cycle Gas Turbines (OCGT). Finally, the last term indicates 
the investment cost of building new transmission lines. 
The expansion cost of the natural gas network defined in (1b) takes into consideration the 
operational cost of new and existing gas supply facilities as the first and second terms, 
respectively. The third term accounts for the investment cost in new gas supply facilities. 
Finally, the last term expresses the investment cost of building new gas pipelines to expand 
the current gas network. 
The proposed cost function is subject to a number of constraints as follows. 
Constraints (2) to (10) apply to the electricity system and constraints (11) to (16) apply to the 
natural gas network.  
Constraint (2) ensures electricity balance at each bus, in each time period and for each 
scenario. Constraints (3) and (4) enforce DC maximum and minimum power flow bounds of 
existing and prospective transmission lines, respectively. Constraints (5) and (6) represent the 
power flow of existing and prospective transmission lines, respectively. The prospective 
transmission line flow represented by (6) is a nonlinear constraint which is linearized to 
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achieve the global optimum solution and avoid trapping in local optimal points by the initial 
nonlinear model.  
Thus, equations (4) and (6) are replaced by (4.1) and (6.1), respectively, applying a 
linearization technique used in [45].  
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(6.1) 
Constraint (7) establishes the maximum power capacity that can be built by each type 
of generation technology at each bus, whereas constraint (8) and (9) sets bounds for 
electricity generation by new and existing generating units. Constraint (10) ensures a 
minimum generation to be supplied by renewable energy sources for a target year.  
In constraint (11), the gas balance at each node and for each scenario is satisfied. This 
constraint ensures that the gas supply meets the non-power gas demand, i.e. business, 
residential, industrial and Liquefied natural gas (LNG) export, as well as the forecasted gas-
fired consumption for 2030. Constraint (12) establishes a maximum capacity that can be built 
for each proposed gas supply facility. Constraints (13) and (14) establish a limit for new and 
existing gas production, respectively, to each gas supply facility in each scenario.  
The natural gas pipeline flow is dependent on the nodal pressure difference, which is a 
nonlinear function solved by a method containing several iterations [72]. To simplify the 
integrated planning modelling and make the problem tractable, we follow the approach in 
[72], and model the natural gas pipeline flow using a minimum and maximum bound of 
pipeline capacity, represented by (15) and (16). 
4.4. Case Study 
 
The proposed integrated planning approach is applied to the realistic case of Queensland 
within the Australian NEM. An equivalent electricity system of that of Queensland is built, 
which consists of 11 buses as shown in Fig. 4.2.a. To accommodate the high availability of 
renewable sources in remote locations, four new buses (buses 12–15) are proposed.  
A ten-gas node system is built to represent the equivalent Queensland natural gas network 
as shown in Fig. 4.2.b. The natural gas system is divided into nodes containing gas demand 
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and gas supply. Gas supplies are at gas nodes 2, 5, 9 and 10. The remaining gas nodes consist 
of gas demand. Gas-fired consumption provides the link between the gas and electricity 
systems and their locations in both systems are highlighted in Fig. 4.2.b 
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Figure 4.2. Queensland equivalent electricity system (a) and natural gas system (b) 
 
4.4.1. Demand data  
The forecast electricity demand for 2030 is obtained from AEMO [105, 116], which 
considers roof-top solar PV and the impact of demand side resources in its scenarios of load 
forecasting. Hourly historical data is considered in the AEMO’s forecasting to represent 
demand patterns for Queensland. The estimated hourly electricity demand for 2029–2030 is 
represented by the net demand in this study, depicted in Fig. 4.3 [105]. Note that net demand 
is the original demand minus roof-top PV production.  
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Figure 4.3. Forecasted hourly load distribution in Queensland (MW) 
 
Gas demand forecast by AEMO in [105, 117] is divided into three classes, i.e. LNG export 
demand, residential, commercial and industrial demand, and GPG (Gas Powered Generation) 
demand. Historical data from several sources are used to develop a daily reference profile, 
which is then used to produce a daily demand forecast for the 20-year outlook period. Table 
4.1 presents the forecast 2030 Queensland gas demand for all demand types. Note that LNG 
exports represent the bulk of gas demand at around 90%. Industrial demand is the second 
major type of gas demand followed by gas-fired power plant gas consumption. Gas demands 
for residential, commercial, and industrial and LNG exports are considered constant in this 
study as these demands can be supplied based on firm and long-term contracts. By contrast, 
gas demand from gas-fired generation varies according to the use of gas for the electricity 
generation.  
Table 4.1. Gas demand forecast for 2030 by type 
Demand Type TJ (MWh) 
Residential+commercial 9,808 (2,724,444) 
Industrial 134,855 (37,459,722) 
LNG Exports 1,421,913 (394,975,833) 
Gas Power consumption Variable ~50,000 
 
4.4.2. Supply Data 
The current Queensland electricity system comprises 23 power plants. The data for 
existing capacity and retirement by 2030 announced by the market operator is presented in 
previous chapter in Table 3.1. New additions to the existing power plant capacity need to be 
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determined and placed in order to supply the 2030 load demand. To this end, 23 new 
generation candidates, consisting of 10 onshore wind farms, 5 utility-scale solar PVs (single 
axis tracking), 5 OCGTs and 3CCGTs are proposed as options to supply future load demand.  
Table 4.2 depicts the location and maximum capacity that can be built for each proposed 
technology in each bus of the Queensland power system, from data based on Australian 
market operator reports [103] and [105] . Note that any amount of new power capacity can be 
built up to the maximum limit shown in Table 4.2 for each technology on each bus.  
Economic and environmental input data for the proposed generation technologies is 
presented in Table 4.3 [106-108]. Note that no new hydro power plant is proposed for 2030. 
This meets the assumption of Australian Energy Market Operator (AEMO) that does not 
include any hydro in its future planning [103]. Although the state has historically been 
dependent on coal for the bulk of its power generation, no new coal-fired capacity has been 
proposed due to the shift toward lower carbon emission technologies and high renewable 
targets. 
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Table 4.2. Location and capacity of new generators 
Bus  Technology  Number 
Capacity 
(MW) 
1 Wind 1 500 
2 
OCGT 1 650 
Wind 2 900 
3 Wind 1 500 
4 
Solar PV 1 200 
CCGT 1 800 
5 CCGT 1 1300 
7 
OCGT 1 1000 
CCGT 1 1000 
9 Wind 2 750 
11 OCGT 3 1800 
12 
Wind 2 1000 
Solar PV 1 200 
13 
Wind 1 1000 
Solar PV 1 1500 
14 
Wind 1 800 
Solar PV 1 900 
15 Solar PV 1 1000 
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Table 4.3. New generators parameters 
Technology 
Fixed Cost 
($/MW/year) 
Variable Cost 
($/MWh) 
Emission Factor 
(tCO2/MWh) 
Wind 45,000 12.5 0 
Solar PV  30,000 (100 MW) 0 0 
OCGT 4,000 10.4 0.54 
CCGT 10,000 4.2 0.36 
 
We propose six new transmission lines, represented by the dotted lines in Fig. 4.2.a, to 
transfer renewable energy from the new buses to the existing network. Data for the proposed 
new transmission lines are presented in Table 4.4. 
Table 4.4 New transmission lines data 
From 
Bus 
To Bus Type 
Total capacity 
(MVA) 
Inv. Cost 
($ Million) 
12 1 275 kV double circuit 2200 165.0 
13 2 275 kV single circuit 1100 70.0 
13 2 275 kV double circuit 2200 110.0 
14 4 275 kV single circuit 1100 140.0 
14 4 275 kV double circuit  2200 220.0 
15 10 275 kV single circuit 1100 70.0 
 
The existing gas system comprises eight major pipelines. We are also proposing three new 
gas pipelines to connect gas export node 6 which accounts for most of the gas demand. Data 
for the proposed gas pipelines presented in Table 4.5 are obtained from [117] and [106]. Note 
also that the interstate connection has not been taken into account in this study. 
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Table 4.5. Parameteters for proposed gas pipelines 
Origin 
node 
Destination 
node 
Capacity 
(TJ/day) 
Capital Cost 
(M$) 
Operation Cost 
(M $/p.a.) 
NG2 NG6 750 1,207 24.1 
NG2 NG6 96 475 9.5 
NG10 NG6 750 600 12.0 
 
There are 23 existing gas supply facilities located within the boundaries of Queensland, 
the data of which are shown in Table 4.6. Additionally, we consider three more gas supply 
facilities currently under construction that are forecasted to be completed in 2016. Two new 
coal seam gas supply facilities are proposed to supply 2030’ natural gas demand, as shown in 
Table 4.7 [117], [106]. These gas facilities proposed can be built up to the capacity limit 
proposed in the Table 4.7.  
Table 4.6. Data of existing gas supply facilities 
Gas 
nodes 
Number of gas 
facilities 
Capacity 
(TJ/year) 
Average Operation Cost 
($/TJ) 
NG2 1 24,820 4,620 
NG5 1 36,500 3,790 
NG9 12 1,510,626 3,636 
NG10 12 1,374,050 2,933 
 
Table 4.7. Proposed gas production facility parameters 
Gas 
node 
Capacity 
(TJ/year) 
 Inv. Cost 
(Billion $) 
Operation Cost 
($/TJ) 
NG2 5,000 1.95 4,620 
NG10 582,175 1.95 3,530 
 
52 
 
4.4.3. Uncertainty characterization 
The first set of uncertainties is wind, utility-scale solar PV and net demand. We have 
considered three possible scenarios of net demand, wind and utility-scale solar PV production 
based on their historical data over three years, in which each year represents one scenario. 
Their uncertainty characterization follows the same approach used in Chapter 3 section 3.4.2.  
The second category of uncertainty consists of three scenarios for the 2030 gas price 
according to the gas technology and location in the Queensland equivalent electricity system. 
These scenarios depicted in Table 4.8 are obtained from [111] for the reference and high gas 
prices and from [118] for the low gas price scenario.  
Table 4.8. Gas price scenarios in 2030 in $/GJ (MWh) 
Technology Bus Scenario low 
Scenario 
reference 
Scenario 
high 
OCGT 1–3 8.45 (2.35) 16.12 (4.47) 17.70 (4.91) 
OCGT 4–5 8.55 (2.37) 16.49 (4.58) 18.14 (5.03) 
OCGT 6–8 8.30 (2.30) 15.75 (4.37) 17.30 (4.80) 
OCGT 9–11 8.45 (2.35) 15.85 (4.40) 17.40 (4.83) 
CCGT 1–3 6.90 (1.92) 12.90 (3.58) 14.19 (3.94) 
CCGT 4–5 7.00 (1.94) 13.19 (3.66) 14.51 (4.03) 
CCGT 6–8 6.80 (1.89) 12.60 (3.50) 13.86 (3.85) 
CCGT 9–11 6.85 (1.90) 12.68 (3.52) 13.95 (3.87) 
Overall, the proposed integrated planning model contains nine scenarios, which is a 
product of three wind, utility-scale solar PV and demand scenarios and three gas price 
scenarios. The same probability of occurrence of 1/9 (11%) has been assumed for each 
scenario.  
4.5. Simulation Results 
The proposed model is formulated as a mixed-integer linear programming and solved 
using the CPLEX solver under GAMS. We have considered the following cases: 
1. Case 1 simulates an integrated planning of electricity and gas with no 
environmental constraints.  
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2. Case 2 simulates an integrated planning of electricity and gas systems taking into 
consideration 3,080 MW of coal generation capacity retirement. This chapter increases the 
amount of coal retirement compared to Chapter 3. This amount is based on the sum of the 
oldest of Queensland’s coal plants that will be approaching or exceeding end-of-life in 2030. 
Thus, it seems likely to consider the impacts of their retirement in the future planning.  
3. Case 3 simulates the impact of a stronger environmental policy on the integrated 
planning model. In this case, the inclusion of a $24 per ton of carbon price is considered since 
this is actually what Australia’s biggest carbon emitters were charged between 2012 and 
2014. A minimum renewable energy target of 20% is also considered in this case as well as 
the retirement of part of the existing coal-fired capacity. 
The Australian Energy Market Operator considers two different scenarios of economic 
growth and technology development in its planning, which impacts the future renewable 
technologies investment cost. To assess their impact on the investment decisions, this chapter 
simulates two capital cost scenarios for 2030, i.e. slow technology development (high 
investment cost) and quick technology development (low investment cost) as presented in 
Table 4.9 [111]. These capital costs are annualized, applying a capital recovery factor 
 
  [ / ((1 ) 1 ]1 )
n ni i i 
to the total investment cost of each technology. The interest rate (i) is 
set to 9% and the lifetime(n) of generation plants set to 20 years, based on [45]. Note that the 
interest rate affects the competitiveness of capital-intensive plants, such renewable sources. A 
high interest rate could prevent or postpone the construction of these plants since more 
interest would need to be paid, which turns them into a more expensive option. On the other 
hand, a low interest rate benefits these technologies compared to conventional generation 
plants. Thus, depending on the interest rate chosen for a project, different investment 
strategies in new generation plants can be obtained. 
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Table 4.9. Investment costs of technologies in 2030 ($M /MW) 
Technology Quick technology development 
(low investment cost) 
Slow technology development 
(high investment cost)  
Wind  2.34 2.96 
Solar PV 2.27 3.52 
OCGT 0.79 0.65 
CCGT 1.33 1.43 
 
The following results are presented for both high and low investment cost for each of the 
three cases. Fig. 4.4 depicts the expected discounted cost for each case and each investment 
cost. The results are presented for an integrated planning approach of electricity and gas and 
stand-alone planning of each system separately. In the integrated planning approach the 
electricity and gas systems are expanded simultaneously while in the stand-alone approach, 
each system is planned separately, with the optimal results of the electricity system being 
used as an input into the planning for the gas system. 
 
Figure 4.4. Discounted expansion cost for each investment cost and approach 
The results indicate that a stand-alone planning cost is more expensive than an integrated 
planning of both systems in all cases simulated. The expected cost for a separate planning 
approach is 13%, 8% and 7% higher for cases 1, 2 and 3, respectively, than the integrated 
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planning approach for high investment cost. For the low investment cost option, the cost 
difference between these two approaches is even higher, with 14%, 9% and 8% for cases 1, 2 
and 3, respectively. The cost difference is explained by the construction of a new gas supply 
facility in the stand-alone planning approach, while in the integrated planning approach, no 
new gas supply facility is needed. As gas constraints are unknown in the stand-alone planning 
approach, the use of existing gas facilities is not optimized. In this approach, gas-fired 
generation that is considered to be gas consumption for the gas network is higher compared 
to that in the integrated planning approach as seen in Fig 4.5. Therefore, the stand-alone 
approach results in a requirement for investments in new gas supply facilities instead of 
optimizing the existing ones as in the integrated planning approach.  
Case 1 presents the lowest expected cost to expand both networks among all cases since it 
remains being supplied by existing coal plants. However, the retirement of part of the existing 
coal generation capacity leads to a significant cost increase of 61% for the high investment 
cost option in case 2. That is, to offset coal retirement, significant investments in new power 
capacity need to be made to provide an increase of 3,330 MW, as shown in Fig 4.6. Case 3 
presents the highest expected cost, with a 74% and 65% increase compared to case 1 for high 
and low investment costs, since it requires greater investment in renewable energy capacity 
(see Fig 4.6). 
Fig. 4.5 presents the expected electricity generation by technology for each approach. 
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Figure 4.5. Expected 2030 electricity generation for each case and approach 
The optimal 2030 electricity generation mix for all cases shows that coal remains as 
the main supply source in all cases due to its lowest variable cost. However, its share varies 
among cases. With coal retirement in case 2, gas-fired generation increases by 29% and 45% 
for the integrated and stand-alone planning approaches, respectively. Furthermore, a strong 
environmental policy simulated in case 3 increases hydro and wind generation significantly.  
By comparing the results of integrated planning of the electricity and gas systems and 
stand-alone planning of both systems, it is clear that an integrated planning approach leads to 
a lower expansion cost for both systems and a more efficient use of existing gas facilities. 
Accordingly, the following results will be presented for only the integrated planning 
approach.  
The optimal investments in new power capacity for each technology are depicted in 
Fig 4.6. Note that the power capacity for high and low investment costs is the same in all 
three cases. 
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Figure 4.6. Expected power capacity built 
 
Case 1 invests exclusively in gas fired generation as gas is the most economical source 
compared to other technologies. All of the proposed 3,450 MW OCGT capacity is built while 
2,077 MW of CCGT capacity is also built. It is worth mentioning that 1,000 MW of CCGT 
capacity (about 50% of the total built) is invested strategically at bus 7 which has the highest 
load demand in the network (see locations in Fig. 4.2.a). Case 2 invests in all proposed gas 
capacity while a significant investment in wind capacity, around 2,307 MW is also needed to 
offset the coal retirement. Case 3 involves two conflicting objectives, i.e. minimizing cost 
and meeting environmental requirements and, therefore, investments must consider both 
these objectives. Note that in case 3, CCGT capacity decreases slightly while wind capacity 
increases around 300 MW compared to case 2. 
The natural gas pipelines utilization rate of each case is presented in Table 4.10. Note that 
the utilization rate of major existing pipelines, which connect gas nodes 9 and 6, will be 
around 90% of their capacity in 2030. Case 3, which considers environmental requirements, 
presents the lowest utilization rate indicating these requirements can alleviate the gas pipeline 
flow that will be close to its limit by 2030. None of the simulated cases found the need for 
any investments in new gas pipelines to supply the forecast 2030 gas demand. It is worth 
mentioning that we consider gas assets connected to the export node (three gas supply 
facilities and three pipelines) which are currently under construction. Thus, it seems that 
building these assets is critical to supply the future LNG export demand.  
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Table 4.10. Expected pipeline capacity utilization rate in 2030 (%) 
Supply 
node 
Demand 
node 
Case 1 Case 2 Case 3 
Low inv. 
Cost 
High inv. 
cost 
Low inv. 
Cost 
High inv. 
cost 
Low inv. 
cost 
High inv. 
cost 
NG2 NG1 42.4 42.4 39.7 39.7 39.2 39.1 
NG5 NG3 7.6 7.6 8.2 8.2 6.3 6.2 
NG5 NG4 55.3 55.3 55.3 55.3 55.3 55.3 
NG9 NG6 91.1 90.8 93.0 93.0 90.5 90.1 
NG10 NG5 23.8 23.8 24.4 24.4 22.6 22.6 
NG10 NG6 88.5 88.7 88.9 88.9 89.8 90.0 
NG9 NG7 42.1 42.1 42.6 42.6 43.5 43.5 
 
4.5.1. Impact of high renewable energy penetration 
The Queensland Government is considering the possibility of establishing a 50% 
renewable energy target by 2030. This section assesses the impact of high penetration of 
renewable energy, up to 50%, on Queensland power and gas systems.  
Table 4.11 presents the expected cost and carbon dioxide emission results for all RETs. It 
is clear that a higher penetration of renewable energy would result in lower carbon emissions 
and a more expensive system. The interesting outcome is that as the percentage of renewable 
energy increases, the rate of change in both criteria accelerates. For instance, with a 30% 
renewable energy target, carbon dioxide emissions are 9% lower while the cost is 17% higher 
compared to the 20% renewable energy target. However, the 50% target would reduce CO2 
emissions by 16%, while incurring a cost 26% higher than in case of the 40% renewable 
energy target for high investment cost. This result may be explained by the decline in the coal 
share of Queensland’s electricity mix as the renewable energy target increases, thus requiring 
larger investments in new power capacity.  
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Table 4.11. Expected carbon emissions and the cost of each renewable energy target 
RET 
Investment Cost 
Discounted Overall 
Cost 
Total Carbon Dioxide 
Emissions 
% BILLION $ MTON OF CO2 
20 
High 6,88 39,0 
Low 6,19 39,0 
30 
High 8,04 35,5 
Low 7,03 35,6 
40 
High 9,50 31,0 
Low 8,10 31,1 
50 
High 12,0 26,1 
Low 9,70 26,1 
 
Fig. 4.7 illustrates the investments in new power capacity for 2030. Wind capacity is built 
for all RETs while more investment in solar PV capacity is needed as the renewable energy 
target increases. On the other hand, the increasing renewable target impacts significantly on 
CCGT investments, with a decrease of 79% in the case of the 50% renewable energy target 
compared to the 20% RET. Investments in new power capacity are the same for high and low 
investment cost options in the case of the 20% renewable target. However, higher renewable 
targets (30% and 40% RET) lead to differences in the amount of power capacity invested in. 
When high investment cost is simulated, increased investment in wind capacity is seen while 
solar PV investment is clearly lower compared to the power capacity invested in the low 
investment cost option. This is explained by the higher cost difference of renewable energy 
technologies in the high investment cost scenario, which makes wind power more 
competitive than solar PV. 
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Figure 4.7. Expected power capacity for different renewable energy targets 
In both investment cost scenarios, wind capacity increases significantly by 128% from the 
case of the 20% RET to case of the 50% RET. Solar PV capacity is built only with 40% RET 
in the high investment cost while in the low investment cost it grows 82% from the 30% RET 
case to the 50% RET case. Note that the total capacity built increases 46% from the 20% 
RET case to the 50% RET case due to the higher share of wind and solar PV, which have low 
capacity factors and impose intermittency to the system. 
The location of investments in the new power capacity for the 40% renewable energy 
target is presented in Fig. 4.8 for both high and low investment cost options. From all new 
renewable capacity built, 55% of wind and 100% of solar PV capacity are built in new buses 
(i.e. buses 12–15) for the low investment cost scenarios. By comparing both scenarios of 
investment cost, note that the high investment cost option invests about 186 MW more in 
wind capacity (see bus 13). On the other hand, in the low investment cost scenario, a higher 
investment in solar PV capacity is expected (see bus 15). This result indicates that the 
investments cost of renewable energy sources impacts the investment strategies in new power 
capacity.  
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  Figure 4.8. Location and capacity built (MW) for the 40% RET case  
Expected Queensland electricity generation for 2030 is depicted in Fig. 4.9 for each 
renewable target case and investment cost option. Note that wind generation increases when 
the RET increases, while solar PV production is only apparent with the introduction of the 
40% and 50% RET. The interesting point is that while a substantial reduction in gas 
generation is witnessed from the case of the 20% RET to that of the 50% RET, coal-fired 
generation decreases only 21% in both high and low investment cost options due to the fact it 
has the lowest variable cost.  
The increasing renewable energy target helps to alleviate the gas pipeline flow due to the 
resulting lower gas-fired consumption as shown in Table 4.12. In contrast, more investment 
in new transmission lines is needed to transfer renewable power from the new buses, as seen 
in Table 4.13. Note that only two transmission lines are built in the 30% RET case while in 
the 40% and 50% RET cases, 4 and 5 transmission lines are built, respectively, which 
increases the cost to expand the transmission system. 
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Figure 4.9. Expected electricity generation for 2030 for each RET and investment cost option 
 
Table 4.12. Expected pipeline capacity utilization rate (%) 
Supply 
node 
Demand 
node 
30% RET 40% RET 50% RET 
Low inv. 
cost 
High inv. 
cost 
Low inv. 
Cost 
High 
inv. cost 
Low inv. 
Cost 
High inv. 
cost 
NG2 NG1 40.0 39.5 39.4 39.1 37.7 37.7 
NG5 NG3 1.7 3.2 0.3 0.3 0.2 0.2 
NG5 NG4 55.3 55.3 55.3 55.3 55.3 55.3 
NG9 NG6 96.2 89.4 89.7 89.3 93.6 93.3 
NG10 NG5 18.6 19.9 17.3 17.3 17.3 17.3 
NG10 NG6 86.2 89.2 88.9 89.1 87.2 87.3 
NG9 NG7 38.2 37.7 30.7 31.2 26.3 26.3 
20% RET 
30%RET   
(high) 
30%RET   
(low) 
40%RET   
(high) 
40%RET   
(low) 
50%RET   
(high) 
50%RET  
(low) 
Solar 0 0 1,245 1,786 2,398 7,937 7,937 
Coal 31,688 31,947 31,843 29,678 29,698 25,094 25,087 
Gas 17,899 11,440 11,545 7,511 7,491 5,904 5,904 
Wind 9,916 16,114 14,869 20,527 19,914 20,581 20,574 
Hydro 2,480 2,480 2,480 2,480 2,480 2,480 2,480 
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Table 4.13. Transmission lines built for each renewable energy target 
RET (%) Investment Cost Number From Bus To Bus 
COST OF TL 
(MAU$) 
20 High and Low 1 12 1 165 
30 
 
High 
1 12 1 
305 
1 14 4 
30 
 
Low 
1 12 1 
235 
1 15 10 
40 High and Low 
1 12 1 
445 
1 13 2 
1 14 4 
1 15 10 
50 High and Low 
1 12 1 
635 
2 13 2 
1 14 4 
1 15 10 
 
4.5.2. Impact of uncertain parameters 
This section presents and compares the results of the stochastic and deterministic 
approaches. The impact of each uncertain parameter, i.e. of renewable power, load growth, 
and gas price, in the long-term integrated planning approach is assessed. To this end, we have 
used the 50% RET case and the high investment cost scenario for the state of Queensland. 
Fig. 4.10 compares the expected power capacity built for the stochastic and deterministic 
approaches considering future gas price, renewable energy and load growth as known 
(certain) parameters. The first column considers the results of the stochastic approach. The 
second, third and fourth columns display the results of gas price, renewable energy output 
and load demand, respectively, as if they were known parameters. The results show that a 
lower power capacity is built for 2030 if these parameters are known. The differences in new 
power capacity built for 2030 are visible for solar PV and CCGT capacity. For known gas 
64 
 
price and load growth, similar results are seen, with around a 600 MW lower new power 
capacity investment. For known renewable energy output, a higher investment difference is 
seen compared with the stochastic approach.  
 
Figure 4.10. Expected power capacity (MW) built for 2030 
 
Note that when there is certainty about the gas price, load growth, and renewable energy 
output, a smaller power capacity is built to supply the future load demand. This might affect 
the energy security, especially if the future energy demand proves to be higher than the 
certain forecast. As such, the stochastic approach helps to ensure energy security as it builds 
more power capacity to cope with uncertainties. This indicates that the proposed stochastic 
method provides more consistent results for all demand scenarios. 
 4.5.3. Sensitivity Analysis  
To demonstrate the applicability and consistency of our integrated planning model, a 
sensitivity analysis was conducted. We simulated the impact of load variation using two 
cases, i.e. a 10% increase in load demand and a 10% decrease in load demand. These load 
variations are applied to the 50% RET case and compared with the original 50% RET case.  
The results of the load variation (sensitivity analysis) are presented in Fig. 4.11. It can be 
seen that a 10% load increase requires 13% more investment in power capacity while a 10% 
load decrease reduces by 14% the power capacity built. The difference in the power capacity 
built in these cases is exclusively from gas-fired plants (CCGT and OCGT). When the load 
demand increases, an increased capacity of CCGT, around 1,650 MW higher, is built while a 
10% load decrease reduces the investment in OCGT and CCGT capacity by around 1284 
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MW and 2274 MW, respectively. The difference in new power capacity investment impacts 
the total cost to expand both systems. Note that an increase of 10% of load demand has a cost 
increase of 6% while a decrease of 10% in load demand reduces the cost by 5%, which 
indeed proves the sensitivity of the proposed mathematical modelling to load variations.  
 
 
Figure 4.11. Expected 2030 power capacity built (MW) and discounted cost  
 
4.6. Summary 
This chapter presented a long-term integrated planning approach for electricity and gas 
systems aiming to satisfy the forecast 2030 electricity and gas demand. The integrated model 
considers a stochastic approach in which renewable and other market uncertainties are taken 
into account. The proposed problem is solved for an equivalent Queensland power and gas 
system with the following outcomes. 
An integrated planning approach for electricity and gas systems leads to a lower cost to 
expand both systems and a more efficient use of gas compared to a stand-alone planning 
approach. For the Queensland case study, around $500 million can be saved with integrated 
planning compared to stand-alone planning. This finding is corroborated by previous studies 
in the literature such as [81], that shows a saving of $2.7 billion for the Brazilian power 
system with an integrated planning approach. This saving is higher compared to our case 
study due to the larger size of the Brazilian electricity system evaluated in [81].  
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Results for the Queensland case study suggest an increase in the total cost when 
environmental constraints are introduced as greater investment in renewable energy and 
natural gas power capacity need to be made. Natural gas will play an important role in 
replacing retired coal fired plants while its share is reduced with increasing renewable energy 
targets. To accommodate higher renewable energy targets, significant investment in the 
transmission system as well as in new power capacity of wind and solar PV is needed, with 
most of the new capacity coming from new locations (new buses). No investment in the gas 
network is needed to supply future gas demand, as increasing penetration of renewable 
energy sources will help to alleviate the gas flow in pipelines, which will be close to full 
capacity in 2030. In addition, depending on the technologies investment cost, Queensland 
will expect a different portfolio of investments in new power technologies, which will be 
more obvious in the case of higher penetration of renewable energy.  
Findings of this chapter provide information on the impacts of high renewable energy 
penetration on investment decisions for electricity and natural gas systems. This will help 
decision-makers choose the optimal investment strategy to support a transition towards clean 
energy as well as to anticipate possible future infrastructure bottlenecks. It should be noted 
that an appropriate expansion plan of both networks will not only prevent unnecessary costs 
but will also serve to avoid future electricity disruptions and gas shortages. 
In this chapter, an integrated electricity and gas planning is developed for a single year. 
However, in the real world, investment decisions for the long-term involve uncertainties and 
require multi-stage models. The next chapter proposes a multi-stage framework to divide the 
horizon in several sub-horizons and to consider internal stages.  
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Chapter 5 
Multi-stage Electricity Planning with High 
Renewable Energy Penetration 
 
Nomenclature  
A) Indices and Sets  
  Index for system bus 
  Index for power generation units 
  Index for load demand  
k Index for transmission lines 
r(k)  Receiving-end node of transmission line k 
s(k)  Sending-end node of transmission line k  
  Index for time period 
  Index for scenarios 
   Set of new transmission lines 
    Set of existing transmission lines 
    Set of renewable energy units 
   Set of demands connected to bus  
 
w
s
  Set of parameters for scenarios defining scenario w in the s 
s Index for stages 
B) Variables 
      
    Binary variable indicating if new transmission line is built or not 
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in scenario   in stage s 
       
    Electricity production of existing power generation unit   during 
time period   in scenario   in stage s [MW] 
       
   Electricity production of new power generation unit   during time 
period   in scenario  in stage s [MW] 
     
    Power capacity to be built for new power generation unit i in 
scenario   in stage s [MW] 
     
     Power capacity of existing power generation unit i in stage s 
[MW] 
         Voltage angle at bus n in time period t in scenario w and stage s 
         Power flow through transmission line k in time period t and 
scenario w and stage s [MW] 
C) Parameters 
     
   Demand at bus n, during time period t [MW] 
       Load growth for scenario   and stage s [p.u.] 
          Capacity factor of power generation unit i during time period t in 
stage s [p.u] 
     
     Annualized capital cost of new power generation unit i in scenario   
in stage s [$/MW] 
    
     Annualized capital cost of new transmission line k in stage s [$] 
      
   
  Variable operating cost of existing power generation unit i during 
time period t in stage s [$/MWh] 
      
  
  Variable operating cost of new power generation unit i during time 
period t in stage s [$/MWh] 
    
   
  Fixed operating and maintenance cost of existing power generation 
unit i in stage s [$/MW/year] 
    
  
  Fixed operating and maintenance cost of new power generation unit 
i in stage s [$/MW/year] 
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  Maximum capacity investment potential of power generation unit i 
[MW] 
  
       Minimum renewable energy target in stage s [MW] 
    
     Maximum capacity of transmission line k in stage s [MW] 
     Duration of each time period t [hour] 
      Susceptance of transmission line k in stage s [p.u] 
     Probability of scenario   [%] 
     Amortization rate [%] 
 
5.1. Introduction3 
Electric power systems have been in constant evolution to adapt to climate change and 
deregulation process. These issues have resulted in the further development of renewable 
energy and natural gas and have created electricity markets, which in turn has led to 
uncertainties in spot prices and generation costs. Further intensifying these issues is the 
difficulty in predicting how these fundamental parameters will unfold in the future.  
As long-term investment decisions are marked by significant uncertainties, new 
approaches such as multi-stage models are required to divide the whole planning horizon into 
several sub-horizons, which allows for multiple investment decisions. This approach captures 
the evolution of the system over the years and allows expansion plans to adapt to unexpected 
changes in key parameters. 
A limited number of investigations have proposed multi-stage approaches for long-term 
electricity planning. Some of these studies [86-88] address wind power investments in 
multiple stages, where they mostly aim to maximize wind investor profit. But these studies 
disregard optimal investments and the impact of high renewable energy penetration on the 
electricity system. In [85], a linear decision rule approach is proposed for multi-stage 
                                                 
3
 This chapter covers the following reference: 
1. Juliana B. Nunes, Nadali Mahmoudi, Tapan. K. Saha, and Deb Chattopadhyay, “A Multi-stage 
transition toward high renewable energy penetration in Queensland, Australia,” IET Generation, 
Transmission and Distribution, vol. 12, issue 4, pp.850 – 858, 2017. 
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capacity expansion planning without considering the impact of high renewable energy 
penetration and its applicability in a real case study. 
This chapter aims to address these gaps and propose a comprehensive power system 
planning model that deals with highly variable renewable energy resources (VRE) and market 
uncertainties for a practical system. The proposed model optimizes the investment portfolios 
in generation and transmission systems in several stages of the planning horizon while 
accurately capturing the unfolding of short and long-term uncertainties. The steps required to 
transform a static framework to a dynamic framework are taken into account. These utilize a 
decision sequence to capture the unfolding of uncertainties and system constraints to consider 
a global optimization window instead of successively optimizing each sub-problem as in the 
rolling-window framework. The model is applied to a realistic case in the State of 
Queensland, Australia in which an equivalent network of the state is driven to accurately 
capture the existing and new generation candidates.  
 
5.2. Multi-stage planning framework  
 
The proposed multi-stage model aims to determine optimal investment and operating 
decisions for the generation and transmission of electricity at different points along the 
decision horizon. These decisions to be made to supply future load include which technology 
to use and what volume of power capacity to build, at which stage of the planning horizon, 
and at what locations in the equivalent power system. Operating decisions like power 
dispatch and flows are also considered in the planning problem.  
The model considers a planning horizon of 14 years from 2016 to 2030, divided into three 
stages of five-year intervals. Each stage is represented by a reference year for the relevant 
interval. At the beginning of each stage (e.g. 2016), a decision is made regarding investment 
in new generation and transmission facilities to ensure that the demand at the end of that 
stage (e.g. 2020-21) will be met. Note that the decisions made within each stage are based on 
complete information from the previous stage(s), while the current and the following stages 
still have uncertainties and these decisions need to be made considering these uncertainties. 
These uncertainties are extensively explained in the following subsection. 
The proposed multi-stage framework presents an intertemporal optimization by adopting a 
decision sequence and system constraints that enable the model to “look ahead” to accurately 
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reflect how uncertainties might affect decisions over the entire period. That is, the multi-stage 
model allows future constraints to be visualized and prepared for in advance. In other words, 
this multi-stage model allows the original global window to be optimized as opposed to the 
existing rolling-window static approach that optimizes several years but each sub-problem 
separately.  
The proposed multistage stochastic framework of Fig. 5.1 is solved using the following 
decision sequence:  
1. At the beginning of the planning horizon, the decision maker determines what 
investments will be made for the first stage. These are ‘here-and-now’ decisions and 
are made before any realization of uncertain parameters, that is, they do not depend on 
future scenario realizations. However, these decisions affect the following stages, 
since the investments made at this stage remain available until the end of the planning 
horizon [70].  
2. After the first stage is completed, the decision maker has perfect information about 
the load growth and gas price of the first stage as well as the current investment cost 
of the second stage. The optimal investment decisions for the second stage are made 
next. These decisions are often labelled as ‘wait-and-see’ as opposed to their first 
stage counterparts since they are dependent on the scenario realization of this stage. It 
should be noted though that they are ‘here-and-now’ decisions relative to the 
following stages (second and third) since they are independent of the future scenario 
realizations. 
3. Once the second stage is finished, the decision maker will know the load growth and 
gas price of the second stage and the investment cost of the third stage. This is when 
the optimal expansion plans for the third stage are made. These are wait-and-see 
decisions regarding the second period but here-and-now decisions with respect to the 
third stage. 
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Figure 5.1. Multi-stage framework model 
 
 
5.2.1. Uncertainty characterization 
5.2.1.1. Short-term uncertainty 
Short-term uncertainties are represented by wind, utility-scale solar PV and load demand. 
These uncertainties vary throughout a year, with hourly, daily and seasonal patterns. To 
capture these uncertainties, we follow the same approach used in chapter 3, section 3.4.2. The 
following matrix jointly addresses wind and solar PV capacity factors as well as the 
normalized demand.  
 
                                          
                                        
                                             
  
This matrix represents the hourly historical data of wind, solar PV and normalized net 
demand obtained from [105] for 2010. That is, we have a set of 8,760 operating conditions 
(one for each hour over a period of a year), each one representing normalized demand, wind 
and solar PV power capacity factor for each bus. To reduce the size of the above dataset, a k-
means clustering technique was used [88, 109, 110]. K-means clusters the original dataset 
into a small number of groups, which is represented by 24 clusters in this study.  
For the sake of simplicity, we assume that the given profiles of demand, wind, and PV 
capacity factors are fixed at all stages of the planning horizon [45, 88]. This assumption is 
realistic as it captures the annual pattern of weather, covering hourly, daily, and seasonal 
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variability of demand, wind and solar PV. This assumption has been previously used in 
studies of planning models (for example, [88] and [85]). Note that in reality wind and solar 
capacity factors may vary over the years but considering different renewable capacity factors 
for each stage in the planning problem may result in computational intractability. 
5.2.1.2. Long-term uncertainty  
This research considers load growth, investment costs, and gas prices as long-term 
uncertainties. These long-term uncertainties should be minimized using a set of scenarios 
over the planning horizon, as shown in the scenario trees of Fig. 5.2.  
The first set of long-term uncertainty accounts for the demand growth, which is 
represented by the Fig. 5.2.a. Two possible load growth scenarios are considered for the first 
stage. For the second stage, additional two scenarios are modelled for each load growth 
realization of the first stage. Lastly, the third stage also accounts for two scenarios, which 
depend on the scenarios of the second stage. As a result, a total of eight load growth scenarios 
are considered during the whole planning horizon. The second category consists of the 
investment cost of different technologies. At the beginning of the planning horizon (first 
stage), the decision-maker has perfect information about the investment costs of that stage, 
while the investment costs of the remaining stages are unknown. Thus, the first stage does not 
involve investment cost uncertainty while the second and third stages are associated with cost 
uncertainties, as shown in the Fig. 5.2.b. The third set of long-term uncertainty is the gas 
price, depicted in the Fig. 5.2.c. Similar to load growth, gas price is represented by eight 
scenarios, with two possible realizations for each stage of the planning horizon. All three 
sources of long-term uncertainties are considered as independent in this study although they 
are at some extent dependent, for example, higher gas prices will lead to higher electricity 
prices and that should reduce load demand.  
 Thus, it is necessary to consider all possible scenario combinations, as represented by the 
scenario tree in Fig. 5.2.d. This results in 256 possible scenarios, which is a product of 8 load 
growth, 8 gas price and 4 investment cost scenarios.  
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Figure 5.2. Scenario trees of load growth (a), investment cost (b), gas price (c) and load growth/investment cost and gas price uncertainties 
together (d) 
Note: Load growth scenarios are represented by (LG), investment cost (IC) and gas price (GP), followed by the numbers of scenarios. 
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5.3. Problem Formulation 
 
5.3.1. Mathematical Formulation 
The proposed multi-stage stochastic optimization model uses mixed-integer linear 
programming to comprehensively capture the least-cost capacity expansion of the electricity 
system while meeting future load growth over three stages of the planning horizon. The 
proposed multi-stage planning model is formulated in (1)–(15).  
Minimize Cost:  
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The objective function in (1) minimizes the expected cost of generation and transmission 
networks in different stages of the decision horizon and assigns a probability to each possible 
scenario combination. The first and second terms of the objective function address the 
variable operational costs of existing and new generation units for each scenario, time period 
and stage of the decision horizon. Note that these terms are multiplied by the weight of each 
time period in hours, which is represented by     . The third and fourth terms are respectively 
defined by the fixed operational costs of the existing and new power plants. The investment 
cost of building new generation units and transmission lines is represented by the fifth term 
and sixth term, respectively. Investments in the generation and transmission systems can be 
made at the different stages of the decision horizon. However, after building these facilities, 
they remain available until the end of the planning horizon. The decision variable to build 
new power generation units is represented by        
  
, which is constrained by the maximum 
potential proposed for each bus of the power system. The decision to build a new 
transmission line is represented by a binary variable ( ). The length of a new 
transmission line (in km) is predefined according to the distance from the new bus to the 
existing power system. Operational and upgrading costs of existing transmission facilities are 
not included in the cost function.  
The proposed cost function is subject to a set of constraints (2)–(15). Constraint (2) 
ensures the demand balance at each bus, in each time period, for each scenario and stage of 
the planning horizon. Constraints (3) and (4) enforce DC maximum and minimum power 
flow bounds of transmission lines through existing and prospective transmission lines, 
1
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respectively. Note that the DC transmission system disregards losses in the transmission 
network. Constraints (5) and (6) represent the power flow of existing and prospective 
transmission lines, respectively. Prospective transmission line flow equation (6) is nonlinear 
due to the product of two variables. This equation is linearized to achieve the global optimum 
solution to the problem. This is might not be true for a nonlinear problem, which may provide 
a local optimum solution. To this end, equations (4) and (6) are replaced by (4.1) and (6.1), 
respectively, applying a well-developed linearization technique used in [45]. 
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Constraint (7) establishes the maximum power capacity that can be built for each 
technology at each bus of the equivalent power system, whereas constraints (8) and (9) set 
bounds for electricity generation by new and existing generating units. Constraint (10) 
ensures a minimum annual generation by renewable energy sources for each scenario and 
stage of the decision horizon. This is guaranteed by considering the capacity factors of 
renewable sources in constraints (8) and (9) which cover seasonal, daily and, hourly 
variations. Constraint (11) ensures prospective transmission lines can be built only once 
during the planning horizon considered.  
Constraints (12)–(15) are nonanticipativity constraints, i.e. constraints that avoid 
anticipating future information. These constraints impose that possible outcomes in the future 
cannot be anticipated, which means that decisions are nonanticipative of future scenario 
realizations [70, 112]. Constraints (12) and (14) reinforce the fact that investment decisions in 
power capacity and transmission lines are identical at the beginning of the planning horizon 
(first stage) since they are made before the realization of the random outcome. The following 
stages are constrained by equations (13) and (15). These constraints ensure that expansion 
plans are dependent on the outcome of the previous stage, but are distinct for every possible 
outcome in the future, since they do not depend on any future scenario realizations [70, 112].  
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5.4. Case Study 
5.4.1. Supply Data 
The proposed dynamic planning approach is applied to a realistic case in the State of 
Queensland within the Australian NEM. In order to take into account the transmission 
network, we derive an equivalent system for Queensland based on extensive research of the 
Transmission Network Service Provider in Queensland (Powerlink). In addition to the 
existing 11 buses, one new bus (bus 12) is proposed in a remote location to accommodate the 
large potential of wind and solar PV, whose data for the proposed transmission line is shown 
in Table 5.1. 
Table 5.1. New transmission lines data 
From 
Bus 
To 
Bus 
Type 
Total capacity 
(MVA) 
Inv. Cost 
($ Million) 
12 1 
275 kV double 
circuit 
2200 165.0 
 
The current Queensland electricity system comprises 23 existing power plants, with 
existing capacity (in 2015) presented in Table 5.2 [104].  
Table 5.2. Existing power generation capacity  
Generators Existing Capacity (MW) 
OCGT 1,879 
CCGT 1,418 
Black Coal 8,186 
Hydro 652 
 
Queensland’s electricity system is divided into four regions: NQ, CQ, SEQ and SWQ 
regions, as shown in Fig. 5.3. New generation candidates, i.e. wind farms, utility-scale solar 
PVs (single axis tracking), OCGTs and CCGTs, are proposed in different locations of the 
equivalent electricity system, as shown in Table 5.3. The location data is based on Australian 
market operator reports on the best conditions to build these new technologies among a 
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subset of buses. Each of these technologies can be built in any capacity up to the maximum 
capacity proposed in each bus, as provided in Table 5.3. Economic and environmental input 
data of new generators is presented in Table 4.3 in chapter 4. 
 
Figure 5.3. Queensland equivalent electricity system  
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Table 5.3. Location and capacity of new generators 
Bus  Technology  
Maximum installable 
capacity (MW) 
1 Wind 1500 
2 
OCGT 650 
Wind 2000 
Solar PV 1500 
3 Solar PV 1500 
4 
Solar PV 500 
CCGT 800 
5 CCGT 1300 
7 
OCGT 1000 
CCGT 1000 
9 Wind 850 
11 
OCGT 1800 
Solar PV 2500 
12 
Wind 1500 
Solar PV 500 
 
5.4.2. Demand data 
We use net demand in this study due to the increasing rooftop solar PV output in 
Queensland. To this end, current load demand based on Powerlink reports [119] is subtracted 
from roof-top solar PV for the case of a moderate transformation to renewable technology. 
Hourly net demand data for the state of Queensland is obtained from [105] and [120]. This 
data accounts for 8760 operating points, which correspond to the number of hours in one 
year. As discussed in section 5.2.1.1, a k-means clustering technique is used to reduce the 
above dataset (as well as solar and wind capacity factors) to 24 time periods (clusters). Each 
of these time periods is represented by a distinct net demand level, with an equivalent weight 
of each one in hours. The resulting yearly net demand profile has a net peak of approximately 
8.2 GW for Queensland. For simplicity, the net demand profile is assumed to be fixed at all 
the three stages of the planning horizon. However, the future load is deemed to be uncertain 
and is modelled by assuming distinct load growth scenarios (described in Fig. 5.2.a). Note 
that the future net demand accounts for the expected growth of rooftop PV, presented in 
Table 5.4, for the case of a moderate transformation to renewable technology [105]. 
82 
 
Table 5.4. Rooftop PV generation capacity forecast for Queensland 
Rooftop PV capacity (MW) 
2015 1500 
2020 2000 
2025 2500 
2030 3000 
 
5.4.3. Data of uncertain parameters 
Table 5.5 shows the estimated load growth data for each stage of the planning horizon, 
obtained from [119]. Two possible scenarios of load growth are considered in the first stage, 
i.e. remain unaltered (1.00) and 3% higher (1.03) than the current load. For stages 2 and 3, 
two scenarios realizations are derived based on each load growth scenario of the previous 
stage. Overall, 8 distinct load scenarios are considered, with an equal probability of 0.125 
(12.5%).  
Table 5.5. Load growth 
Stage 1 Stage 2
a 
Stage 3
a
 
1.03 
1.06 
1.09 
1.06 
1.03 
1.06 
1.03 
1 
1.03 
1.06 
1.03 
1 
1.03 
1.00 
aThe numbers in the table are factors that multiply the current load demand. 
 
Table 5.6 presents the data of gas price uncertainty of each stage, based on AEMO reports 
[118]. In the first stage, two scenarios of gas price are considered, i.e. the same (1.0) and high 
(2.0), which means that gas price in stage 1 either remains unaltered (1.0) or doubles (2.0) 
compared to the current gas price (column 1). In the second and the third stages, two more 
scenarios are considered for each gas price realization of the previous stage. A total of 8 
distinct gas price scenarios are considered, with the same probability of occurrence of 0.125 
(12.5%). 
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Table 5.6. Gas price scenarios 
Average gas price for 
Queensland  
(AUD$/GJ, 2015/2016) 
 Stage 1 Stage 2
b 
Stage 3
b
 
4.7 
2 
2 
2 
1 
1 
2 
1 
1 
2 
2 
1 
1 
2 
1 
bThe values depicted in the table are multipliers of the current gas price. 
 
Table 5.7 presents investment cost data of each new proposed technology, based on [111, 
121]. At the beginning of the first stage, the investment cost of the technologies is known, 
represented by their current value (second column of the table); however, their future values 
(stages 2 and 3) are uncertain and are characterized by a set of distinct scenarios. These 
scenarios are based on existing forecasts [111, 121] and are presented in columns 3 and 4 as 
factors that multiply the current investment cost (stage 1). Two possible scenario realizations 
are considered for each technology in the second stage, i.e. that the investment costs of solar 
PV are 10% (0.90) and 17% (0.83) lower than the current investment cost (stage 1). For each 
scenario realization of the second stage, two additional scenarios are considered in the third 
stage. Overall, there are 4 scenarios for the investment cost of each technology, with an 
identical probability of 0.25 (25%). The amortization rate applied to the capital cost of new 
generators and transmission lines assumes a 30 year lifetime and a discount rate of 6.81% 
based on [122].  
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Table 5.7. Investment costs of technologies (AUD/kW) 
Technology 
Stage 1 
(current value)  
Stage 2
a 
Stage 3
a
 
Wind 2608 
0.96 
0.92 
0.89 
0.93 
0.89 
0.86 
Solar PV 2300 
0.90 
0.81 
0.75 
0.83 
0.75 
0.69 
OCGT 817 
0.98 
0.96 
0.97 
0.99 
0.97 
0.98 
 
CCGT 
 
1077 
1.08 
1.17 
1.12 
1.04 
1.12 
1.08 
aThe factors presented for stages 2 and 3 multiply the investment cost of stage 1. 
 
 
 
 5.5. Simulation Results 
The proposed model is implemented using GAMS and solved using the CPLEX solver. To 
illustrate the planning problem, three distinct cases are considered in this study. Note that in 
each of the three cases a stochastic optimization is performed to meet long-term load demand 
but each case assumes a different renewable energy setting. 
1. Case 1. Business as usual (BAU). In this case, electricity expansion planning is 
considered without considering any renewable energy target.  
2. Case 2. Renewable Energy Target (RET). In this case, the impact of a 50% RET in the 
expansion planning of electricity is simulated for 2030, i.e. the RET is specified for the end 
year only leaving the decision to optimize the schedule of the RET over the years. 
3. Case 3. Transition toward Renewable Energy. In this case, a certain transition toward 
renewable energy is assumed at different stages of the planning horizon, i.e. 20%, 30%, and 
50% RETs for the first, second and third stages, respectively. Note that in the previous case 
(Case 2), the renewable energy target had to be fulfilled by the end of the third stage only.  
85 
 
Fig. 5.4 presents the main economic and environmental results of all cases. The cost 
presented in Fig. 5.4 is the total expected cost for each case simulated, which is divided in 
capital cost, operating and transmission cost, each represented by the sum of the costs of the 
three stages considered in the planning (years 2021, 2026 and 2030). Total carbon emission 
cost for each scenario is also presented in Fig, 5.4 by the sum of the carbon emission of the 
three stages (years 2021, 2026 and 2030).  
 
Figure 5.4. Comparison of total expected electricity costs and total carbon emissions by 
case 
 
Case 1 involves the lowest cost to expand the electricity network due to lower investment 
in new generation capacity, though most of the total cost, about 65%, is the capital cost of 
new generation facilities. The total costs of cases 2 and 3 are significantly higher compared to 
case 1, with 341% and 359% higher costs, as a result of greater investments in the generation 
and transmission systems. As the current Queensland power system is based largely on fossil 
fuel for power generation, significant investments in renewable capacity need to be made in 
the latter cases to meet a high renewable energy target. For instance, while case 1 requires 
only 4 GW of new power capacity, cases 2 and 3 require three times more, about 12 GW. 
Note that investments in the transmission system also need to be made in cases 2 and 3 due to 
the location of new renewable plants, incurring a cost of around $170 million, while no 
investment in new transmission lines needs to be made in case 1. 
Although cases 2 and 3 have the same renewable target for 2030, case 3 is about 4% more 
expensive. Note that the cost difference is in the capital cost of building new generation 
plants. This is explained by the flexibility to choose the most affordable stage in which to 
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build new power capacity in case 2 while in case 3, renewable units are built along the 
planning horizon to meet the renewable energy target for each stage. For instance, in case 2 
most of the new solar PV capacity is built in the third stage where the investment cost drops 
significantly, while in case 3 new solar PV capacity is built mostly in the first two stages to 
meet the internal renewable energy targets. In contrast, carbon emissions reduce 19% for case 
2 and 27% for case 3 as compared to case 1. By comparing the carbon emissions of both 
cases with 50% RET in 2030, it can be seen that case 3 generates 14 million tonnes (Mt) of 
carbon dioxide (in cumulative terms) less than case 2, as a result of higher renewable energy 
generation at all stages of the planning horizon. 
The optimal solution for the expected power capacity to be built for each technology and 
their commissioning stages is presented in Fig. 5.5.  
 
Figure 5.5. Expected power capacity to be built by case and stage (MW) 
In case 1, new investment in power capacity is directed exclusively to conventional plants, 
i.e. OCGT and CCGT, suggesting that even with a steep drop in capital cost, wind and solar 
PV are unlikely to become an economic alternative in Queensland over the next 13–14 years. 
Although load growth is expected to increase over the stages of the planning horizon, most of 
the investment in new gas capacity, around 94%, is made in the first stage of the planning 
horizon. This is explained by both the lowest investment cost of CCGTs in the first stage (see 
Table 5.7) and the expected growth of rooftop PV capacity in stages 2 and 3 (see Table 5.4), 
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which will alleviate the expected load growth in these stages. As a result, new power capacity 
is proportionally lower in stages 2 and 3.  
Investment in new power capacity in cases 2 and 3 comes mostly from renewable sources, 
99% and 100%, respectively. The optimal solution for case 2 involves investment only in 
baseload CCGT capacity as a conventional source. This investment is strategically located to 
supply the bus for the higher load demand. Although a renewable target is introduced only in 
the third stage in case 2, the optimum solution also builds renewable capacity in the first 
stage of the planning horizon. As the power capacity built remains available until the end of 
the planning horizon, significant renewable capacity is built in the first stage to supply the 
load growth of this period and the future renewable target. Most of the wind investment in 
case 2 is made in the first stage, while most of the solar PV investment is made in the third 
stage. As the solar PV investment cost is expected to decrease significantly, approximately 
14% in each stage of the planning horizon, the optimal solution is to wait to invest in new 
capacity via solar PV in the last stage. Wind capital cost is also expected to decline over the 
planning horizon, around 6% in each stage, and thus less than the decrease in solar PV cost 
(see Table 5.7), which results in significant wind capacity investment occurring from the first 
stage.  
When different renewable targets are introduced at different stages in case 3, significant 
investment in renewable sources must be made in all stages of the planning horizon. Most of 
wind investment is made in the first stage, while most of the solar PV investment occurs in 
the second stage. Although solar PV generation is more economically competitive than wind 
generation, the optimal solutions in cases 2 and 3 do not consider building all the proposed 
capacity using this source. Instead, investments are made in new capacity from both wind and 
solar PV given that they complement each other, with wind having higher output in the night 
and solar PV in the morning and afternoon periods.  
Fig. 5.6 depicts the location of new investments in power capacity in the equivalent power 
system for all three cases. In case 1, investment in new baseload CCGTs is located on buses 
4, 5 and 7, which are destined to supply the bulk of the demand at bus 7. In cases 2 and 3, 
investment in renewable sources is distributed across the buses of the equivalent power 
system. Around 80% of new wind capacity is built in the North Queensland region due to its 
higher wind capacity factor. Investment in new solar PV capacity is distributed in the areas of 
intense solar radiation, which are mostly on buses 2 and 11.  
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Figure 5.6. Comparison of power capacity to be built for each case 
Electricity generation and power flow direction for each case is presented in Figs. 5.7 and 
5.8, respectively. It is expected that electricity generation in the future will continue to be 
supplied significantly by coal in all cases, as shown in Fig. 5.7. In case 1, most of the 
electricity generation is from gas and coal located in the SWQ region, which makes the 
power flows toward the SEQ region, as shown in Fig. 5.8. A significant amount of coal and 
gas also flows in the upward direction (North) in this case, from bus 4 in the CQ region to the 
NQ region.  
By introducing the renewable energy target, conventional generation reduces significantly 
in cases 2 and 3. While a significant reduction in gas generation can be observed in these 
cases, the reduction in coal generation is much lower. Compared to case 1, case 2 presents a 
decline of 76% in gas generation in the third stage, while coal is only 39% lower. In case 3, 
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conventional generation is lower than in case 1, in all stages of the planning horizon. While 
gas generation reduces significantly from the first stage, by around 12.9 TWh, coal 
generation declines only in the later stages of the planning horizon (second and third stages), 
6.5 and 17.9 TWh lower in the second and third stages, respectively. This is explained by the 
lower operating and fuel costs of coal compared to gas-fired generation, which causes a 
reduction in coal generation in later stages. The power flow in cases 2 and 3 is in the opposite 
direction to that of case 1 (see Fig. 5.8). As the new power generation comes mostly from 
wind and solar PV utility-scale concentrated in the NQ region, the power flow goes in the 
downward direction (South) to supply most of the load located in the SEQ region. 
Furthermore, another part of the renewable generation coming from the SWQ region (buses 9 
and 11) is destined to supply buses 10 and 7, which accounts for a large part of the load. Note 
the result indicates that the introduction of high renewable energy targets would cause 
significant changes in the current electricity flow and generation in the Queensland power 
system. However, further power system operation studies are beyond the scope of this work.  
 
Figure 5.7. Comparison of expected electricity generation by case 
 
S1 S2 S3 S1 S2 S3 S1 S2 S3 
Coal 45,854 45,854 45,854   45,854 45,854 28,004   45,736 39,313 28,003 
Gas 18,667 19,108 19,441   11,065 11,803 4,737   5,757 6,201 4,732 
Solar PV 0 0 0   3,158 3,577 13,626   4,840 13,937 14,007 
Wind  0 0 0   4,018 3,243 19,155   8,152 7,412 19,258 
Hydro 347 244 266   773 729 40   402 131 46 
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Figure 5.8. Direction of power flow in Cases 1, 2 and 3 
Fig. 5.9 illustrates the power generation from each technology in the 24 clusters of the 
third stage (2030). Note that the sum of the generation of all clusters is equivalent to the total 
electricity generation of the third stage (2030). The third stage of case 2 is chosen to assess 
the impact of a high renewable energy target in the Queensland power system. It can be seen 
that coal will continue to provide most of the electricity in almost all clusters while wind and 
solar alternately provide renewable generation according to the time period. For example, 
time period (cluster) 13 presents a period of high wind generation with no power coming 
from solar PV. This cluster represents an evening period, where the demand is high and thus 
high generation from baseload coal and CCGT is required. By contrast, in time periods 7 to 9, 
baseload conventional generation is low while solar generation is high. These particular 
clusters represent early morning periods, where the demand is low. Note that approximately 
90% of the total gas-fired generation in this stage is baseload CCGT generation. This 
indicates that a higher renewable generation requires a significant amount of baseload CCGT 
generation as well as coal to balance their unpredictable fluctuation.  
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Figure 5.9. Power generation in case 2 for each cluster of the third stage (2030) 
 
 
5.5.1. Conventional retirement cases  
Australia’s COP21 commitment is to reduce carbon emissions by 26% to 28% below 2005 
levels by 2030. As Queensland’s electricity generation currently comes mostly from fossil 
fuels with 27% from gas and 65% from coal, the Australian Government has committed to 
reduce carbon emissions from the electrical power system to be consistent with this target. 
Thus, it is highly likely that in the near future, fossil fuel plants, i.e. gas and coal, may be 
withdrawn from the Queensland power system. To assess the impact of the retirement of 
conventional power plants in the long-term planning, two additional cases, i.e. cases 4 and 5 
are analyzed. Case 4 is the BAU case (case 1) but it considers gas and coal-fired retirement 
and case 5 is similar to case 2 while modelling conventional retirement, with data presented 
in Table 5.8.  
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Table 5.8. Conventional power plants retirements 
 
Technology 
Capacity 
(MW) 
Location 
(bus) 
Stage 
Gas-fired plants 
(OCGT) 
424 2 2 
32 3 2 
Coal-fired plants 1400 9 3 
 
Fig. 5.10 presents the economic impact of conventional retirement in cases 4 and 5 
compared to cases 1 and 2. It can be seen that the retirement of existing conventional plants 
causes a cost increase of $2.0 billion for case 4 and $500 million for case 5 suggesting that a 
more diversified portfolio with renewable energy resources render the system to be more 
resilient to changes in existing capacity. Note that the portfolio that relies on conventional 
generation (case 4), has a significantly higher cost increase compared to case 5. By relying on 
existing conventional sources for power generation, case 4 needs to build more power 
capacity than case 5, thus impacting considerably on the capital cost. While case 4 builds an 
additional 2,307 MW than case 1, case 5 builds 1,580 MW more capacity compared to case 2.  
 
Figure 5.10. Cost difference of case 4 and 5 compared to case 1 and 2  
 
Fig. 5.11 depicts the changes in the expected power capacity of case 4 compared to case 1 
in each stage of the planning horizon. Comparing the results, we observe that if conventional 
power plants retire, additional investment in OCGT is needed in stages 2 and 3, to build a 
capacity of 228 MW and 2,003 MW, respectively. Observe that in case 4, most of OCGT 
capacity investments are made in the third stage, while most of these plants are built in the 
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first stage in case 1 (see Fig. 5.5). In addition, the optimal solution for case 4 does not build 
the maximum proposed capacity of OCGT to replace gas and coal-fired retirements, even 
though it is economically more competitive than wind. Instead, it builds 76 MW of wind 
capacity in a strategic location, which is on the bus near the conventional plant retirements.  
 
Figure 5.11. Changes in the expected power capacity of case 4 compared to case 1 
 
Fig. 5.12 shows the changes in the expected power capacity of case 5 compared to case 2. 
Note that the capacity mix change is more complex in this scenario relative to case 4. Case 5 
invests an additional 1,540 MW of baseload CCGTs and 90 MW of peaking OCGT plant as a 
result of the conventional retirement. Note that approximately 95% of the additional gas-fired 
build is baseload CCGTs. This indicates that baseload capacity is needed to replace coal 
retirement as well as to balance the high renewable penetration of this case. Investment in 
renewable energy capacity also varies between these cases. Note that overall, a lower 
investment in solar PV capacity is made (-166 MW) while a greater investment in wind 
capacity (+115 MW) is necessary in case 5. This difference is due to the location of these 
sources, with more wind capacity being built near the buses where conventional plants retire. 
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Figure 5.12. Changes in the expected power capacity of case 5 compared to case 2 
 
5.5.2. Results of Static Approach 
The proposed problem is also solved using a static approach to demonstrate the benefits of 
performing multi-stage planning over this common method used in the literature. While the 
static approach optimizes investments for only the last year of the decision horizon, a multi-
stage approach optimizes different years as stages in this study. The main economic results 
and investments in new power capacity using the static method for case 2 are compared in 
Fig. 5.13.  
By comparing the cost results of the static model against the dynamic approach, it is 
evident that the expected cost of the static framework is 3.86 billion dollars lower than that of 
the dynamic framework. As the static method considers only the last year of the planning 
horizon, part of the extra cost of the dynamic approach is the operational and maintenance 
cost of internal stages. The remaining cost is the capital cost and this represents around 2.58 
billion dollars less in the static framework due to the lower investment in new power capacity 
of 270 MW, as seen in Fig. 5.13.b.  
These results indicate the drawbacks of the static approach in providing a precise outcome 
as it fails to address the real cost of planning as well as the investment required to meet the 
load demand of the internal stages of the decision horizon. That is, the static approach leads 
to an underestimation of future power capacity investments and may mislead the planners in 
regard to investments that need to be made. 
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Figure 5.13. Comparison of expected results of case 2 for static and dynamic approaches 
(a) Expected total cost, (b) Expected power capacity built 
 
 
5.6. Summary 
The multi-stage stochastic model is developed to consider investments in power plants and 
transmission lines while assessing the impacts of high renewable energy penetration on the 
long-term electricity planning. The model is formulated as a stochastic cost minimization 
problem in which different sources of uncertainties are considered at different stages of the 
planning horizon. The methodology is validated using a realistic case study from the state of 
Queensland and compares it with a common approach used in the literature to prove its 
benefits.  
The main findings from this chapter are highlighted as follows.  
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1. A multi-stage stochastic approach developed in this study provides a more robust 
outcome over a static framework as it considering internal stages of the planning 
horizon. That is, the multi-stage approach adapts the expansion plans to the 
unfolding uncertainties in different stages of the decision horizon, which 
minimizes the risk of underestimating investments in new power capacity.  
2. Findings of a realistic case study from the state of Queensland indicate that optimal 
investments in new generation capacity are based on gas-fired plants if the aim is 
to minimize the system’s cost. This suggests that even with a steep drop in the 
capital cost of renewable sources, wind and solar PV are unlikely to become an 
economic alternative in the state in the near future. However, when renewable 
targets are introduced, solar PV and wind should both be built given that they are 
complementary, with wind having higher output in the night and solar PV higher 
output in the morning and early afternoon periods.  
3. The impact of high renewable energy penetration in the long-term planning is 
assessed through the simulation of different cases applied to the Queensland power 
system. Findings show that in a possible pathway towards a 50% renewable energy 
target in Queensland, the gradual adoption of renewable energy targets (transition 
toward renewable energy case) along the decision horizon presents different 
expansion cost and investment strategies compared to a single future target (for the 
last stage in 2030). Furthermore, the location of new investments in wind and solar 
PV capacity cause significant changes to Queensland’s current power flow 
direction. This presents complex challenges around power system operations, 
inlcuding stability and reliability, which is beyond the scope of this study and 
needs to be investigated when considering high penetration of renewable energy.  
The next chapter will further extend the multi-stage electricity model and develop a 
stochastic dynamic approach to simultaneously co-optimize electricity and natural gas 
systems.  
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Chapter 6 
A Multi-Stage Co-Planning Framework for 
Electricity and Natural Gas under High 
Renewable Energy Penetration 
 
Nomenclature  
A) Indices and Sets  
  Index for system bus 
  Index for power generation units 
  Index for transmission lines 
r(k)  Receiving-end node of transmission line k 
s(k)  Sending-end node of transmission line k 
  Index for load demand 
  Index for time period 
  Index for scenarios 
s Index for stages 
    Set of renewable energy units 
        Set of gas-fired units 
   Set of new transmission lines 
    Set of existing transmission lines 
   Set of power demands connected to bus  
  Index for blocks  
g Index for natural gas supply projects 
j Index for natural gas pipelines 
     Receiving-end node of natural gas pipeline j 
     Sending-end node of natural gas pipeline j 
   Index for gas nodes  
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   Set of new natural gas supply projects  
   Set of new natural gas pipelines 
    Set of existing natural gas pipelines 
    Set of gas demand connected to gas nodes 
 
w
s
  Set of parameters for scenarios defining scenario w in the s 
 
B) Variables 
      
   Binary variable indicating if new transmission line is built or not in 
scenario   in stage s 
       
   Electricity production of existing unit   during time period   in scenario   
in stage s [MW] 
       
  Electricity production of new unit   during time period   scenario   and 
stage s [MW] 
             
  Total gas-fired generation of unit   during time period   scenario   and 
stage s [MW] 
     
  
 Power capacity to be built for new unit i in scenario   and stage s [MW] 
     
   
 Power capacity of existing unit i in stage s [MW] 
        Voltage angle at bus n in time period t in scenario w and stage s 
        Power flow through transmission line k in time period t, scenario   and 
stage s [MW] 
      
   Binary variable indicating if new gas pipeline is built or not in scenario w 
in stage s  
         
  Gas flow j in block b, time period t, scenario w and stage s [TJ] 
       
   Gas supply capacity of new gas projects g in block b scenario w and stage 
s [TJ/year]  
      
    Gas supply capacity of existing gas projects g in block b and stage s 
[TJ/year]  
         
   Gas production of new gas supply projects g in block b, time period t, 
scenario w and stage s [TJ/ h]  
         
    Gas production of existing gas supply projects g in block b, time period t, 
scenario w and stage s [TJ/h]  
 
C) Parameters 
     
  Demand at bus n, during time period t [MW] 
       Load growth for scenario   and stage s [p.u.] 
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        Capacity factor of electricity unit i during time period t in stage s [p.u] 
     
    Annualized capital cost of new generation units i in scenario   and stage s 
[$/MW] 
    
    Annualized capital cost of new transmission line k in stage s [$] 
      
   
 Variable operating cost of existing electricity unit i during time period t 
and stage s [$/MWh] 
      
  
 Variable operating cost of new electricity unit i during time period t and 
stage s [$/MWh] 
    
   
 Fixed operating and maintenance cost of existing electricity unit i in stage s 
[$/MW/year] 
    
  
 Fixed operating and maintenance cost of new electricity unit i in stage s 
[$/MW/year] 
  
     Maximum capacity investment potential of unit i [MW] 
  
      Minimum renewable energy target in stage s [MW] 
    
   
 Maximum capacity of transmission line k in stage s [MW] 
     Duration of each time period t [hour] 
     Susceptance of transmission line k in stage s [p.u] 
     Probability of scenario   [%] 
     Amortization rate [%] 
       
    Participation factor of gas supply facilities g in block b and stage s [p.u] 
  Conversion rate of electricity to gas [p.u.] 
 
      
  Gas demand at gas node ng in block b and stage s [TJ] 
  
    
 Maximum limit of gas supply of projects g [TJ] 
    
    
 Maximum gas flow of gas pipeline j in stage s [TJ] 
      
    
 Operational cost of existing gas production facilities g in block b and stage 
s [$/TJ] 
      
   
 Operational cost of new gas production facilities g in block b and stage s 
[$/TJ] 
    
    Annualized capital cost of new gas production facilities g in stage s [$] 
    
    Annualized capital cost of new gas pipelines j in stage s [$] 
     Duration of each block b [day] 
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6.1. Introduction
4
  
In Chapter 5, a multi-stage model was proposed for the electricity system. This chapter 
expands this model and develops a new multi-stage framework for co-optimizing electricity 
and natural gas systems, taking into consideration high renewable energy integration and 
market uncertainties.  
The proposed stochastic multi-stage integrated planning framework aims to find the 
optimal electricity and natural gas investments to meet future electricity load and gas 
demand. The investment decisions include what technology and the amount of power 
capacity to be built, at which stage of the planning horizon, and at what location(s) to build 
the additional capacity, in the equivalent power system to supply future load. The same 
decisions are also made for new gas supply facilities to meet future gas demand but decisions 
regarding gas extraction technologies are not endogenous in this model. New transmission 
lines and gas transmission pipelines are considered to be binary variables in our problem 
which means that the decisions are related to whether they should be built or not. Yet another 
decision to be made for the transmission system and gas pipelines is at what point in time 
these assets should be built. Operating decisions like power dispatch and flow are also made 
in the planning problem. 
The effectiveness of the proposed framework is validated on a realistic case for the State 
of Queensland, Australia. An equivalent 12-bus power system and 10-node natural gas 
system for Queensland is designed to accurately capture the link between these systems 
through gas-fired generation plants as well as accommodating the availability of the state’s 
renewable resources.  
6.2. Multi-stage integrated planning framework 
The framework of the proposed multi-stage co-planning model was presented in chapter 5 
section 5.2. However, in this chapter the proposed model also includes investment decisions 
for gas supply facilities and gas transmission pipelines in addition to electricity investment 
                                                 
4
 This chapter covers the following reference: 
1. Juliana B. Nunes, Nadali Mahmoudi, Tapan K. Saha, and Deb Chattopadhyay. “A Multi-stage co-
planning framework of electricity and natural gas under high renewable energy penetration,” IET 
Generation, Transmission and Distribution, 11 pp. (DOI:10.1049/iet-gtd.2018.5702), print ISSN 1751-
8687, online ISSN 1751-8695. Available online: 24 August 2018 
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decisions. These decisions are made at multiple stages to capture the unfolding of 
uncertainties.  
6.2.1. Decision horizon 
The proposed dynamic model assumes a planning horizon of 13 years, which is divided 
into three stages of four (or five) year intervals as shown in Fig. 6.1.  
 
Figure 6.1. Dynamic model with stages 
The description and decision sequence of the multi-stage framework was presented in 
chapter 5 section 5.2. Short-term uncertainty and long-term uncertainty are addressed here. 
While the short-term uncertainties are wind, utility-sale solar PV and load demand, long-term 
uncertainties are load growth, investment costs, and gas prices. The uncertainty 
characterization of these uncertainties was described in chapter 5 section 5.2.1.  
 
6.3. Problem Formulation 
The proposed multi-stage optimization model is formulated in (1)–(26).  
Minimize Cost:                                   
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2.2.1. SHORT-TERM UNCERTAINTY: WIND AND UTILITY-
SCALE SOLAR PV PRODUCTION VARY THROUGHOUT A 
YEAR, WITH HOURLY, DAILY AND SEASONAL PATTERNS. 
THIS IS ALSO TRUE FOR THE LOAD DEMAND OF THE 
SYSTEM, PARTICULARLY WHEN INTEGRATING ROOFTOP 
PV AS NEGATIVE DEMAND. THESE SHORT-TERM 
UNCERTAINTIES IMPACT FUTURE INVESTMENT DECISIONS 
WHERE THE CONSTRAINTS OF BALANCING DEMAND IN THE 
POWER SYSTEM OPERATION MATTERS. IN ORDER TO 
CAPTURE THESE UNCERTAINTIES, THE FOLLOWING 
APPROACH IS USED.  
 
 
 
 
 
 
Fig.1. Dynamic model with stages 
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The objective function of the co-planning problem minimizes the expected cost associated 
with the expansion of generation units, transmission facilities, gas supply facilities and gas 
pipelines. The stochastic dynamic function in () and ( considers optimal investment 
decisions at different stages of the decision horizon and assigns a probability of occurrence to 
each possible scenario combination. The minimization of the electricity system is defined in 
(). The first and second terms of the objective function address the variable operational cost 
of existing and new generation units for each technology and stage of the decision horizon. 
Note that these terms are multiplied by the weight of each time period in hours, represented 
by     . The third and fourth terms are defined by the fixed operational costs of the existing 
and new power plants, respectively, which depend on the capacity of new generators. The 
investment costs to build new generation units and transmission lines are represented by the 
fifth and sixth terms, respectively. Investments in the generation and transmission systems 
can be made at different stages of the decision horizon. However, after building these 
facilities, they remain available until the end of the planning horizon. The decision variable to 
build new generation units is represented by        
  
, which is constrained by the maximum 
potential proposed for each bus of the power system. The decision to build new transmission 
lines is represented by a binary variable ( ). The length of the new transmission lines in 
(km) is predefined according to the distance of the new bus to the existing power system. 
Operational and upgrade costs of existing transmission facilities are not included in the cost 
function. Thus, the cost to expand the transmission system considers only the cost of building 
new transmission lines.  
The expansion cost of the natural gas system is defined in (The first linerepresents the 
operational cost of new and existing gas supply facilities, respectively, while the second line 
delivers the investments cost of new gas pipelines and gas supply facilities.  
The proposed cost function is subject to a set of constraints (2)–(26). Of these, constraints 
(2)–(15) apply to the electricity system while constraints (16)–(26) apply to the natural gas 
system.  
,
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Constraint (2) ensures the demand is balanced at each bus, in each time period, for each 
scenario and stage of the planning horizon. Constraints (3) and (4) enforce DC maximum and 
minimum power flow limits of transmission lines through existing and prospective 
transmission lines, respectively. Note that the DC transmission system disregards losses in 
the transmission network. Constraints (5) and (6) represent the power flow of existing and 
prospective transmission lines, respectively. The prospective transmission line flow equation 
(6) is nonlinear due to the product of two variables. This equation is linearized to achieve the 
global optimum solution to the problem and to avoid choosing local optimal solution that 
might be provided by the initial nonlinear model. Thus, equations (4) and (6) are replaced by 
(4.1) and (6.1), respectively, applying a well-developed linearization technique used in [45].  
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Constraint (7) establishes the maximum power capacity that can be built for each 
technology. Constraint (8) imposes bounds for electricity generation of new generating units. 
For instance, electricity generation of stage s must be equal to the available capacity built at 
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stage s plus the capacity built in the previous stages. Constraint (9) limits the electricity 
generation of existing generating units. Constraint (10) ensures a minimum annual generation 
by renewable energy sources for each stage of the decision horizon. Constraint (11) imposes 
that prospective transmission lines can be built only once during the planning horizon 
considered in all scenarios.  
Constraints (12)–(15) are nonanticipativity constraints, i.e. constraints that avoid 
anticipating future information. These constraints are used in the multi-stage stochastic 
models to prevent that possible future outcomes in the future from being anticipated [70]. 
That is, the scenarios that have the same history represented by the nodes in the scenario tree 
of Fig. 1 have identical outcomes. This set of identical scenarios is represented by
 s . 
Constraints (12) and (14) reinforce the fact that investment decisions in power capacity and 
transmission lines are identical at the beginning of the planning horizon (first stage, when 
s=1) since they are made before the realization of the random outcome. By contrast, the 
expansion plans of the following stages (when s  1) are dependent on the outcome of the 
previous stage(s) and are constrained by equations (13) and (15) [70, 112]. 
Constraint (16) satisfies the gas balance at each node, scenario, and stage. This constraint 
ensures that gas supply meets the non-power gas demand, i.e. business, residential, industrial, 
liquefied natural gas (LNG) export, as well as gas-fired consumption. Constraint (17) 
establishes the maximum supply for new gas facilities while constraints (18) and (19) 
establish a limit for new and existing gas production of each gas supply facility in each 
scenario and stage considering their participation factor.  
Natural gas pipeline flow is dependent on the nodal pressure difference, which is a 
nonlinear function solved by a method containing several iterations [72]. To simplify the 
integrated planning modelling and make the problem tractable, we follow the approach used 
in [72], and the model natural gas pipeline flow using maximum and minimum capacity 
limits, represented by (20) and (21), respectively. Constraint (22) ensures that prospective gas 
pipelines can be built once only across all scenarios and once they are built, they remain 
available until the end of the planning horizon. 
Constraints (23)–(26) are nonanticipativity constraints for the natural gas system. As noted 
before, these constraints are used for the dynamic framework to avoid anticipating future 
information. Constraints (23) and (25) reinforce the fact that investment decisions in gas 
supply facilities and pipelines are identical at the beginning of the planning horizon (first 
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stage, when s=1) as they are obtained before the scenario realization. On the other hand, these 
variables are dependent on the outcome of the previous stage (s) in the second and third 
stages (when s  1) and are represented by equations (24) and (26). 
 
6.4. Case Study  
6.4.1. Supply Data  
The proposed dynamic co-planning approach is applied to the realistic case of Queensland, 
Australia. An equivalent 12-bus power system and 10-node natural gas system is built for 
Queensland, as shown in Fig. 6.2. We propose an additional bus (bus 12) to the 11 existing 
electricity system buses in North Queensland due to the excellent availability of renewable 
energy resources in the region, as shown in Fig. 6.2.a. The natural gas system is divided into 
nodes containing gas demand and gas supply. Gas supplies are marked with asterisks in Fig. 
6.2.b, i.e. gas nodes 2, 5, 9 and 10. The remaining gas nodes consist of gas demand, including 
gas-fired plants, which are indicated in the gas network as GPP followed by the number of 
the power system bus. 
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Figure 6.2. Queensland equivalent electricity system (a) and natural gas system (b) 
 
The current Queensland power system comprises 23 power plants, and its existing 
capacity in 2015 was presented in chapter 5, Table 5.2. The natural gas network has 26 
existing gas supply facilities located within the boundaries of the state of Queensland. To 
expand the existing power system, we propose four new technologies, i.e. CCGT, OCGT, 
wind farms and utility-scale solar plants, in different buses of the Queensland power system 
as shown in Fig. 6.2. Their location is an input data based on the Australian market operator 
reports on the best conditions in which to build these new technologies as presented in 
chapter 5, Table 5.3. Economic and environmental input data of these generators was 
presented in Table 4.3 in chapter 4.  
Existing gas supply facilities data was provided in chapter 4, Table 4.6. We propose two 
new gas supply facilities in gas nodes 2 and 10 to meet future gas demand. The maximum 
capacity for each gas supply facility as well as their costs was presented in chapter 4, Table 
4.7.  
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The existing transmission system extends approximately 1,700 km from Cairns in North 
Queensland down to New South Wales [123]. Queensland’s electricity transmission network 
consists of 275 kV powerlines supplying from Cairns to the southern Gold Coast and 110 kV 
and 132 kV powerlines in local areas to support the 275 kV network [123]. The interstate 
connections are disregarded in this study. Data for the proposed new transmission line that 
connects bus 12 to the existing Queensland power system was presented in the chapter 5, 
Table 5.1. 
Currently, there are 8 major natural gas pipelines in Queensland. In addition to the existing 
natural gas pipelines, we are proposing three new gas pipelines destined to meet demand for 
LNG exports in the gas node 6, as shown in Table 6.1. Note that the interstate connection has 
not been taken into account in this study. 
Table 6.1. Parameters of the proposed new gas pipelines 
Origin 
node 
Destination 
node 
Capacity 
(TJ/day) 
Capital Cost 
(M$) 
Operation Cost 
 (M $/p.a.) 
NG2 NG6 750 1,207 24.1 
NG2 NG6 96 475 9.5 
NG10 NG6 750 600 12.0 
 
6.4.2. Demand data  
Net demand is used in this study due to the increasing rooftop solar photovoltaic (PV) 
output in Queensland. Hourly net demand data for the current year for the state of 
Queensland is obtained from [105] and [120] and is subtracted from roof-top solar PV for the 
case of moderate transformation to renewable technology [105]. The resulting yearly net 
demand profile has a net peak of approximately 8.2 GW for Queensland. This data that 
accounts for 8760 operating points is reduced to 24 time periods using a k-means clustering 
technique, which was discussed in chapter 5 section 5.2.1.1. For simplicity, the given net 
demand profile is assumed to be fixed in all the three stages of the planning horizon. 
However, we acknowledge that the future load is uncertain and it is modelled by assuming 
distinct load growth scenarios (presented in chapter 5, Fig. 5.2.a).  
Gas demand forecasted by AEMO in [105, 117] is divided into three classes: residential, 
commercial and industrial demand, LNG export demand, and GPG (gas-fired generation) 
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demand. We consider the annual demand for each stage, i.e. 2020, 2025 and 2030, for the 
first two classes, as these demands can be supplied based on firm and long-term contracts and 
have small variations within a year. GPG demand is an input from the electricity system and 
is represented for 24 time periods for each stage. Queensland gas demand for each demand 
class and stage of the decision horizon is presented in Table 6.2.  
Table 6.2. Gas demand for each stage and by class (TJ/h) 
Demand Type Stage 1 Stage 2 Stage 3 
Res+comm+industrial 11.76 11.29 11.07 
LNG Exports 163.9 163.2 162.9 
Gas Power consumption VARIABLE VARIABLE VARIABLE 
 
6.4.3. Data of uncertain parameters 
Data of uncertain parameters are provided in chapter 5 section 5.4.3. Load growth data is 
provided in Table 5.5, where two possible scenarios of load growth are considered for each 
stage of the planning horizon, totalling 8 scenarios with an equal probability of 0.125 (%). 
Gas price data is presented in Table 5.6, with a total of 8 distinct gas price scenarios, two 
possible gas prices for each stage of the decision horizon. Investment cost data for each 
proposed technology is shown in Table 5.7. At the beginning of the first stage, the investment 
cost of these technologies is known but their future costs in stages 2 and 3 are uncertain. 
Thus, two possible scenarios are considered in the second stage and two more scenarios for 
the third stage. A total of 4 investment cost scenarios for each technology are considered, 
with identical probabilities of 0.25 (25%). Overall, 256 possible scenarios (product of 8 load 
growth, 8 gas price, and 4 investment cost scenarios) are considered, with an equal 
probability of occurrence. 
 
6.5. Simulation Results  
The proposed model is formulated as a mixed-integer linear programming problem, solved 
using the CPLEX implemented in GAMS language. To analyze the impacts of the proposed 
methodology, we consider three cases, as shown in Table 6.3. 
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Table 6.3. Scenario Configuration  
Case  
RET% 
(1
st 
stage) 
RET% 
(2
nd 
stage) 
RET% 
(3
rd 
stage) 
Case 1  - - - 
Case 2 - - 50 
Case 3 20 30 50 
 
The cases provided in Table 6.9 are described as follows.  
1. Case 1: Business as usual (BAU): In this case, electricity and gas expansion plans are 
considered without the inclusion of any renewable energy target. 
2. Case 2: Future Renewable Energy Target: This case assesses the impact of a 50% RET 
on the expansion of electricity and gas systems by 2030. In this case, the RET is specified for 
the end year only, leaving the decision to optimize the schedule for the RET over the years. 
3. Case 3: Transition towards Renewable Energy: A transition towards renewable energy 
is considered in this case through the gradual increase of renewable targets until the end of 
the planning horizon. These targets are 20%, 30%, and 50% RETs for the first, second and 
third stages, respectively. 
First, we compare some results of the co-planning approach of electricity and natural gas 
systems against results from stand-alone planning for each system to demonstrate the benefits 
of performing integrated planning. In the integrated planning of electricity and gas, 
investments to expand both systems occur simultaneously while the expansion plan of the 
stand-alone method is carried out separately, first obtaining the electricity system results to be 
used as an input into the gas system planning. 
Results of the expected costs of case 1 for integrated planning and stand-alone planning 
are compared in Fig. 6.3.  
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Figure 6.3. Comparison of co-planning and stand-alone planning results for case 1  
 
The cost results for stand-alone planning are 1.37 million dollars higher than using the co-
planning approach. Note that this cost difference is represented by gas O&M cost in the 
natural gas system while no change is observed in the cost to expand the electricity system. 
The results of case 1 showed a small difference between co-planning and separate planning, 
especially in terms of cost. However, there are some circumstances where an integrated 
planning of both networks would bring substantial benefits. One of these circumstances is if a 
stricter carbon policy is implemented. This would force the retirement/withdrawal of some 
coal plants which would result in their replacement by natural gas. This case is consistent 
with the current Australian commitment to reduce carbon emissions by 26% to 28% below 
2005 levels by 2030. This reduction is expected to come mostly from the electrical power 
system since the bulk of Australian’s current electricity generation is from coal. To assess the 
impact of some coal capacity retirement in the long-term planning for Queensland, we have 
considered a case where 2,380 MW of existing coal capacity retires and compared the results 
of the co-planning approach and separate planning. The coal plants chosen to be retired are 
the oldest ones and those with the highest emissions of greenhouse gases.  
Results of expected cost and gas-fired consumption for case 1 considering coal retirement 
are compared for integrated planning and stand-alone planning in Fig. 6.4.  
2.364 
11.458 
4.071 
11.460 
0.0 
2.0 
4.0 
6.0 
8.0 
10.0 
12.0 
14.0 
Electricity O&M Electricity capital 
cost 
Gas O&M 
C
o
s
t 
(B
il
li
o
n
 A
U
$
) 
Expected Cost  
Co-planning  Stand-alone planning 
113 
 
 
Figure 6.4. Comparison of co-planning and stand-alone planning results for case 1 with coal 
retirement  
 
The cost results show stand-alone planning would cost 1.77 billion dollars (about 8%) 
more, than the co-planning approach. While no change is observed in the electricity system 
cost, there is a significant cost difference represented especially by gas capital cost. As the 
planning is carried out separately in the stand-alone planning approach, the use of existing 
gas facilities is not optimized in the electricity network. That is, using the standalone 
planning, a new gas supply facility is built since the gas constraints are unknown, whereas no 
additional gas facility is needed when both networks are optimized together. The remaining 
cost difference is in gas O&M cost, which is higher from the stand-alone planning approach 
due to an additional gas supply production to meet more than 813 GWh of gas-fired 
consumption, as shown in Fig. 6.4. 
Previous studies in the literature also prove that an integrated planning approach has better 
results compared to individual planning. Authors in [76] have shown that an integrated 
planning approach reduces the expansion cost of both networks by around 17% as compared 
to a stand-alone planning approach. Reference [78] demonstrates that an integrated planning 
approach has lower total cost and gas demand than a stand-alone approach when applied to 
an IEEE 118-bus system with a 14-node gas system.  
The results presented above clearly corroborate the idea that performing a co-planning 
approach for electricity and gas systems leads to a lower overall cost for both systems and 
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reduced gas-fired consumption compared to a stand-alone analysis. Accordingly, we will 
hereafter present the key results of the co-planning approach only. 
Fig. 6.5 compares the main economic results of the given cases using the dynamic co-
planning framework developed in this research. 
 
Figure 6.5. Comparison of dynamic co-planning expected cost 
 
Case 1 requires around 17.9 billion dollars to expand both systems, which represents the 
lowest cost of all cases. For cases 2 and 3, an extra 21.2 and 21.8 billion dollars, respectively, 
is required to meet renewable targets along the decision horizon. Most of this extra cost is 
capital cost due to significant investments in renewable capacity to meet future renewable 
targets. While case 1 requires only 4 GW of new power capacity, cases 2 and 3 require 
almost three times more, about 11.1 GW (this will be further discussed when we provide the 
results for investment in new capacity). The remaining cost for cases 2 and 3 is to build a 
transmission line to transfer renewable energy from a new bus (i.e. bus 12 in the Far North) 
while no investment in new transmission lines needs to be made in case 1. 
When comparing cost results of cases 2 and 3 that have the same renewable target for 
2030, case 2 is around 660 million dollars more economical. This is due to the flexibility to 
choose the best time to build renewable capacity during the planning horizon. In contrast, the 
transition case 3 has to meet renewable requirements in the internal stages of the planning 
horizon, where the expected capital cost of renewable sources has not reduced as much as it 
is expected to by 2030. 
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While the cases with renewable targets present higher costs to expand the electricity 
system, the expansion cost of the gas system in case 1 is 24 million dollars higher than in 
case 2 and 31 dollars higher than in case 3. This is only due to more gas consumption in case 
1, leading to a higher O&M cost in this case. Note that no investments in new pipeline and 
gas supply facilities are made in any of the cases for the proposed decision horizon.  
To analyze the benefits of the dynamic co-planning approach over common methods used 
in the literature, i.e. static and rolling-window methods, we compare the main economic 
results and the investments in new power capacity of these approaches for case 2 in Figs. 6.6 
and 6.7. While the static approach optimizes the investments only for the end year of the 
decision horizon, the rolling-window static framework successively optimizes each sub-
problem separately (multiple static decisions) instead of optimizing the original global 
window. 
 
Figure 6.6. Comparison of co-planning cost for case 2 for different approaches 
 
Comparing the dynamic planning costs with the static results of case 2, it is evident that 
the cost of the dynamic approach is 11.9 billion dollars higher than that of the static 
framework. As the static method considers only the last year of the planning horizon, part of 
the extra cost for the dynamic method is due to the operational and maintenance costs of 
internal stages. The remaining cost difference is represented by capital cost, around 2.78 
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billion dollars. This difference reveals that as it does not take into account the supply of 
internal stages of the decision horizon, the static approach underestimates the investment in 
new power capacity, as seen in Fig. 6.7. The lower expansion cost of the static approach may 
mislead planners in their investment decisions and lead to power shortages.  
 
Figure 6.7. Expected power capacity investment for all stages and methods in case 2 
 
The cost result of the rolling-window static framework is about 917 million dollars higher 
than that of the dynamic method, mainly from capital cost. Note from Fig. 6.7 that this 
method requires an additional 3,329 MW of new power capacity compared to the dynamic 
approach. As the rolling-window approach successively optimizes each sub-problem 
individually, the total power capacity built is overestimated. This is because a significant 
amount of gas capacity is built in the first two stages because it is the most economical 
source, leaving investments in renewable capacity for the last stage, when the renewable 
target is introduced. In contrast, by optimizing the original global window, the dynamic 
approach requires a lower overall new power capacity.  
Fig. 6.8 presents the new power capacity of the dynamic co-planning approach for each 
case.  
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Figure 6.8. Expected power capacity investment over 2017–2030 (MW) 
 
The following findings are obtained from Fig. 6.8: 
1. In case 1, investments in new power capacity are made exclusively in conventional 
plants, i.e. OCGT and CCGT, suggesting that even with an expected decline in the 
capital cost of renewable sources, it is unlikely that these will become competitive for 
Queensland by 2030.  
2. In case 1, all proposed CCGT plants are built in the first stage, since the capital cost 
of these plants is expected to increase slightly in the future. On the other hand, OCGT 
plants are built mainly in the first stage to supply load growth, but also in the 
following stages as their capital cost is expected to decline in the future. 
3. With the introduction of renewable targets, investments in new power capacity 
increase considerably, by 7,142 and 7,027 MW for cases 2 and 3, respectively. These 
increases, which represent almost 3 times the power capacity invested in case 1, can 
be explained by two main factors. First, Queensland’s electricity is generated mostly 
from fossil fuels and, therefore, significant investments in renewable capacity are 
required to meet the renewable targets. Second, wind and solar PV have low capacity 
factors compared to fossil fuel plants and impose intermittency to the system, thus 
higher investment in new power capacity is required.  
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4. Cases 2 and 3 present similar power capacity investments, although they have 
different investment strategies. Note that in case 3, significant investment in new 
capacity occurs in the first and second stages, while in case 2, investment occurs 
mainly in the first stage to supply the load growth but also significantly in the last 
stage, where the capital cost of renewable sources is expected to decline significantly. 
Most of the wind investment in cases 2 and 3 is made in the first stage to supply the 
load growth. In contrast, solar PV capacity is mostly invested in the subsequent 
stages. This is mainly because the capital cost of solar PV is expected to decrease 
significantly in the future, so the optimal decision is to wait to invest in that in the last 
stage. 
5. Cost is not the only factor in choosing new generation capacity. Although solar PV is 
more economically competitive than wind, both renewable sources are built because 
of their complementarity, with wind generation covering mainly the peak time in the 
night and midnight and solar generation occurring during the day.  
Another important factor in choosing new power plants sources is their location in the 
equivalent Queensland power system. Fig. 6.9 depicts the location of new investments in 
power capacity in the equivalent power system for cases 2 and 3. Most of the wind and solar 
PV investments in these cases are located in the NQ region due to greater availability of these 
resources in this region. However, note that there are small differences between case 2 and 3, 
mainly due to the changes in the capital cost of these plants over the planning horizon. As 
case 2 only has a renewable target for 2030, this case will invest in gas-fired plants in bus 7 in 
the first stage to supply the load growth and invest in a higher solar PV capacity in the last 
stage, because the capital cost of this source is expected to decline significantly in the future. 
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Figure. 6.9. Locations of new power capacity in cases 2 and 3 over 2017–2030 (MW) 
 
Fig. 6.10 depicts the gas supply/demand balance for the dynamic co-planning approach for 
each case and stage. For each case simulated, most of gas supply comes from gas nodes 10 
(NG10) and 9 (NG9), which strategically connect most of the gas demand at gas node 6 (see 
Fig. 6.2). The remaining gas supply comes from gas node 2 (NG2) to especially meet the gas 
demand of Townsville at gas node 1. Case 1 presents the highest gas supply of all cases due 
to the highest gas-fired consumption to supply the load growth, as seen in Fig. 6.11. It is 
evident that the introduction of renewable targets reduces gas supply in cases 2 and 3, with 
the supply being 130,309 TJ and 164,820 TJ lower in cumulative terms compared to case 1. 
This reduction is higher in the transition case 3, although this case presents the same 
renewable target for 2030 as case 2. As a renewable target is introduced from the first stage in 
transition case 3, the gas supply starts to reduce significantly at that stage, which results in a 
lower total gas supply.  
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Figure 6.10. Gas supply/demand balance for each case (TJ) 
 
The natural gas consumption curve of gas-fired generation for each case is shown in Fig. 
6.11. Case 1 has an accumulated gas-fired consumption of 205,180 TJ. Note that there is a 
slight increase throughout the stages in this case. Although this curve is going upward, the 
total gas supply is decreasing over the stages of the planning horizon (see Fig. 6.10). This is 
because the non-GPG gas demand, which represents the bulk of gas demand, is expected to 
decrease slightly in the future. Note that the gas supply from gas node 2 shows a slight 
increase over the stages of case 1 to supply the increasing commercial, residential and 
industrial gas demand of gas node 1.  
There is a shift in the natural gas consumption curve with the inclusion of renewable 
energy targets. The cumulative reduction over the planning horizon is 131,206 TJ and 
165,982 TJ for cases 2 and 3, respectively. This is observed from the first stage of the 
planning horizon, although the renewable target in case 2 is introduced only in the third stage. 
As our proposed dynamic co-planning framework optimizes the original global window, gas-
fired consumption is offset by renewable generation from the first stage of the decision 
horizon. By comparing cases 2 and 3, note that gas-fired consumption in case 3 is 47% lower 
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than in case 2, indicating that a transition toward renewable energy is more effective in 
reducing gas-fired consumption for Queensland. On the other hand, if a stronger carbon 
policy takes place, gas-fired generation would offset coal retirement and would increase by 
104,686 TJ in total in the time horizon, as seen in Fig. 6.12.  
 
Figure 6.11. Annual natural gas consumption of gas-power plants over the planning horizon 
 
 
 
Figure 6.12. Annual natural gas consumption of gas-power plants over the planning horizon 
in case 1 considering coal retirement 
 
Fig. 6.13 presents the locations of new gas-fired generation units for case 1. Investments 
in new gas capacity in the Queensland power system are highlighted in the left figure. The 
location of these plants in the gas system (right figure) is indicated as GPP followed by the 
number of the power system bus. This finding suggests that the location of new plants is a 
determining factor in expansion plan decisions since new plants are built in strategic 
locations, which are close to major load centres and gas supply sources. For instance, a 
significant capacity of new gas-fired plants is built in buses 5 and 7 to supply most of 
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Queensland power system load located on buses 7 and 8 and also near the largest gas supply 
centres in the gas systems in nodes 9 and 10.  
 
Figure 6.13. Locations of new generation capacity in case 1 (MW) 
Note: Nodes marked with an asterisk (*) are gas supply sources 
 
Fig. 6.14 represents the power generation for case 2 in the 24 time periods of 2030. 
Notably, the system remains highly dependent on coal through to 2030. However, the 
introduction of the renewable target in 2030 encourages wind and solar PV generation, which 
are pairing mostly with coal to supply most of the load for 2030. Gas-fired generation is 
mainly dispatched strategically at times when solar generated supply is low or absent. Note 
that during peak load such as time periods 10 and 16, coal and gas are pairing with wind 
generation and solar is low or absent. In contrast, in off-peak periods such as in clusters 2 and 
4, coal generation is compensated by renewable sources output.  
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Figure 6.14. Power generation in case 2 for 24 clusters of the third stage (2030) 
 
The model statistics are presented in Table 6.4. The block of equations and variables in 
GAMS refers to the number of equations and variables. The nonzero elements represent the 
number of nonzero coefficients in the problem matrix. The generation time, represented in 
seconds, is the time used since compilation is finished, which includes the time spent in 
generating the model. Memory usage to generate the problem is given in megabytes. 
Table 6.4. Model Statistics  
Block of 
Equations 
Block of 
Variables 
Nonzero 
elements 
Generation 
Time (sec) 
Memory 
usage 
(MB) 
89 54 22,471,408 4540 1,606 
 
 
6.6. Summary  
This chapter proposes a novel co-planning dynamic framework and compares it with other 
methods in the literature to prove its advantages while validating it using a realistic case 
study from the State of Queensland. The problem is formulated as a stochastic cost 
minimization in which short- and long-term uncertainties are taken into account at different 
stages of the planning horizon. This approach considers investments in power plants and 
0 
1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
P
o
w
e
r 
g
e
n
e
ra
ti
o
n
 (
M
W
) 
Time period (Cluster) 
Wind 
Solar  
Hydro 
Gas  
Coal 
Load  
124 
 
transmission lines as well as gas supply facilities and pipelines while assessing the impacts of 
high renewable energy penetration on both systems.  
The main results are highlighted as follows. 
1. An integrated planning of electricity and natural gas presents beneficial results 
over standalone planning, i.e. lower overall cost to expand both systems and more 
security in providing gas supply.  
2. The dynamic approach provides more robust outcomes over the static and rolling-
window static approach. This is because the dynamic approach also considers 
internal stages as opposed to designing a static system for the end year and 
presents a global optimization window instead of successively optimizing each 
sub-problem separately as in the rolling-window framework. As the multi-stage 
framework allows the expansion plans to be adapted due to unexpected changes in 
the future, the risk of underestimation as in the static approach and overestimation 
as provided by the rolling-window framework is reduced.  
3. A transition toward renewable energy presents a higher cost to expand electricity 
and natural gas systems, different investment strategies in new power capacity, as 
well as lower gas-fired consumption and gas supply compared to the terminal 
renewable target. 
4. There are two main factors other than minimum cost that determine the decision to 
invest in new generation plants. First is the complementarity between solar PV and 
wind, with wind covering the whole day and solar PV only during daylight hours. 
Second is the location of new renewable sources and gas plants, where the former 
are built in strategic locations and the latter are built close to major load centres 
and gas supply sources. 
5. Coal generation will have an important role in balancing the unpredictable 
fluctuation of solar PV and wind while gas is dispatched strategically at times 
when solar generated supply is low or absent.  
The next chapter provides a summary of the thesis findings and presents the main 
contributions of this research. 
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Chapter 7 
Conclusion and Future Research 
 
7.1. Summary of Work Undertaken in this Thesis 
A multi-stage integrated planning model for electricity and gas systems is proposed in this 
thesis to deal with different sources of uncertainties including the attributes of variable 
energy resources. The proposed model is designed to capture the evolution of renewable 
energy and market uncertainties at different points in time. This approach presents an 
intertemporal optimization that enables the model to “look ahead” to accurately reflect how 
the evolution of various uncertainties might affect decisions over the entire period. A number 
of policy scenarios are simulated for a realistic case of the State of Queensland in Australia to 
evaluate the impact of different sources of support for renewable energy on power and gas 
systems.  
The proposed planning model is developed in increments in order to fully understand the 
ramifications of each component. Each of these components is described as follows.  
1. The model is formulated first as a static framework in which a single investment is 
made to optimize the forecast 2030 demand. Initially, the model is formulated to 
optimize electricity generation and transmission investments while considering short-
term and long-term uncertainties.  
2. This model is then expanded to include gas constraints and consider the physical link 
between the electricity and gas systems. An integrated planning framework is 
developed to co-optimize the electricity and gas systems simultaneously for a single 
future year. This framework comprises a two-stage planning model where the first 
stage is related to the investment decisions in new gas supply facilities, power plants, 
transmission lines and gas pipelines and the second stage is when operating decisions 
are made once the uncertainties are disclosed.  
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3. The static planning model is finally extended to divide the whole decision horizon in 
several sub-horizons and to consider internal stages. A multi-stage approach for the 
electricity system is then developed in which optimal investments and operating 
decisions in regard to the generation and transmission of electricity are made at 
different points along the decision horizon. The electricity multi-stage approach is 
extended to consider gas constraints and to co-optimize the electricity and gas systems. 
The multi-stage framework accurately captures the unfolding of uncertainties faced by 
the power and gas systems at different stages along the decision horizon and allows the 
adjusting of investments to expand both systems.  
The uncertainties of above problems, i.e. load growth, capital cost of technologies, gas 
prices, and renewable energy production, are properly formulated using a stochastic 
programming framework. All problems are cast as (stochastic) linear programming problems 
implemented using the GAMS mathematical programming language, and solved using the 
IBM/CPLEX solver. 
The impact of high renewable energy penetration, as well as renewable energy uncertainty 
in both systems is assessed temporally at several stages along the planning horizon, while 
determining the optimal investment and operating decisions.  
Finally, the proposed model is validated using a realistic case study in which both 
networks are designed to consider renewable resources and gas-fired generation. A number of 
cases are considered for both individual electricity planning and integrated planning of 
electricity and gas systems. These cases range from expansion planning without any 
environmental constraints to expansion planning with different policies to support renewable 
energy, i.e. renewable energy targets and carbon costs. 
 
7.2. Main Findings  
The main findings of the proposed integrated planning framework for electricity and gas 
systems under renewable energy uncertainties are outlined below. 
1. The proposed mathematical modelling is a useful step towards bringing electricity 
and gas planning closer, which is critical especially for coal-dominated power 
systems with a growing share of variable renewable sources.  
128 
 
2. The proposed integrated planning approach presents a lower overall cost to expand 
both systems compared to a standalone planning approach. These benefits are 
verified either in static or multi-stage approaches. For the static integrated 
framework, results show a cost difference of about 11% and 7% lower for different 
simulated cases benefiting co-planning, while in the multi-stage framework this 
difference is about 8% lower.  
3. An integrated planning analysis of both systems reduces gas-fired generation and 
gas supply as gas-fired generation is considered a demand on the gas system. A 
standalone planning analysis results in the requirement for an additional 813 GWh 
of gas-fired consumption compared to a co-planning approach during the planning 
horizon considered in this study.  
The main conclusions of the proposed multi-stage (dynamic) integrated planning 
framework that co-optimizes the power and gas systems are as follows. 
1. The multi-stage model developed as part of this work is general and can be readily 
adapted for any energy system.  
2. The multi-stage framework is novel in that it adopts a decision sequence and 
system constraints which allows the original global window to be optimized 
instead of successively optimizing each sub-problem separately as in the rolling-
window framework. The innovation in the model formulation proves critical in 
striking a balance in new investment decisions as explained below. 
3. The multi-stage framework adapts the expansion plans to the unfolding of 
uncertainties at different stages along the decision horizon, which reduces the risk 
of underestimating new power capacity investments as in the static approach or 
overestimating as occurs when using in the rolling-window framework. 
4. A comparison between the proposed multi-stage approach and the rolling-window 
framework shows that the proposed approach presents a lower cost to expand both 
systems since it considers the global optimization window that allows for the 
choice of optimal timing to invest according to uncertainties. 
5. The evolution of uncertainties over time impacts the timing of investments in new 
power plants. This results in different investment strategies for the same renewable 
energy target for 2030. Most of the wind investments are made in the first stage 
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while solar PV investments mostly occur in the subsequent stages mainly due to 
the unfolding of the different capital costs of these technologies. 
The main findings of the impacts of high renewable penetration on a realistic power and 
gas system from the State of Queensland are listed below.  
1. Findings from the Queensland case study underline the important role of public 
policy in order to develop renewable energy sources. The results, in particular, 
show that optimal investment in new generation capacity is gas-based if the aim is 
to minimize the system cost whereas a move to renewable sources would be driven 
only by the introduction of renewable energy targets. This means that even with a 
steep drop in the capital cost of renewable sources, wind and solar PV are unlikely 
to become economically competitive alternatives to gas and coal in Queensland in 
the near future. 
2. Renewable energy targets may increase the system costs – mostly through an 
increase in the capital costs of cleaner technologies – by 3–4 times due to 
significant investments in renewable capacity and in the transmission system.  
3. In a possible pathway towards a 50% RET for 2030 in Queensland, the gradual 
adoption of renewable energy targets (transition toward renewable energy case) 
presents a higher cost to expand both systems, different investment strategies in 
new power capacity, and lower gas-fired consumption and gas supply compared to 
a terminal renewable target (a single future target).  
4. There are two main factors other than cost that determine the decision to invest in 
new generation plants. The first one pertains to the location of new renewable 
sources and gas plants. Renewable generation plants are built in strategic locations 
where the resource quality is good, and gas is built closer to major load centres and 
gas supply sources to avoid building new pipelines. The second factor relates to the 
complementary characteristics between solar PV and wind renewable sources, with 
wind generation covering mainly the peak time in the night and solar PV 
generation occurring only during the day. As the developed mathematical 
modelling consists of stochastic programming, the formulation is capable of 
modelling renewable energy uncertainties and better capturing the complementary 
characteristics between wind and solar generation compared to a deterministic 
approach.  
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5. High renewable energy penetration will cause significant changes in the current 
Queensland power flow direction due to the location of new renewable sources.  
6. Renewable targets promote a shift in the Queensland gas-fired consumption curve 
causing a reduction of 81% for the 50% RET case. 
7.3. Main contributions 
The main contributions of this thesis are enumerated below:  
1. Proposed a strategic integrated planning framework to co-optimize the power and 
gas systems from a realistic case study, under a high renewable energy penetration 
scenario. The proposed integrated planning model plays an important role in a 
market-oriented environment as it identifies weaknesses of the system and 
provides guidance to the energy industry by assessing the impacts of investments 
made in the system, the economy, environment and society. The tool developed as 
part of this work can be useful to the integrated gas-electricity system operators in 
Australia and other countries as future planning of these two systems needs to be 
carefully coordinated to provide adequate investments and to determine the 
optimal timing and location of infrastructure investments.  
2. Developed a comprehensive multi-stage (dynamic) framework to co-optimize 
power and gas systems simultaneously in multiple stages along the planning 
horizon. The framework allows internal stages to be considered as opposed to 
designing a system for the end year only, and it presents a global optimization 
window instead of successively and independently optimizing each sub-problem. 
A multi-stage integrated framework is able to capture plausible future realizations 
of uncertain parameters and allow the flexibility to adapt investment and operating 
decisions as uncertainties unfold over time. This imparts greater robustness and 
accuracy to the future expansion plans, which is critical to get the level of 
investment, and the location and timing of investments right. 
3. Investigated the impacts of uncertainties on electricity and gas system operating 
and investment decisions. By considering different realizations of uncertain 
parameters in each stage of the decision horizon, this model allows future market 
behaviour to be better predicted and it provides insights to investors about the 
optimal timing to invest.  
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4. Assessed the impacts of high renewable energy penetration on a realistic case 
study of a power and gas system. This investigation helps to identify the need for 
investments and reinforcements for the system to accommodate and operate with a 
significant proportion of intermittent sources. 
5. Proved the effectiveness of our proposed multi-stage co-planning framework on a 
realistic case study for the state of Queensland, Australia. This framework helps 
investors and decision-makers to identify the best investment options in gas and 
electricity systems and anticipates possible future infrastructure bottlenecks. It 
should be noted that an appropriate expansion plan undertaken jointly for both 
networks would not only prevent unnecessary costs but also serve to avoid 
electricity disruptions and gas shortages. 
 
7.4. Future Research 
Future research in this area can be further extended to cover the following topics: 
1. Power system operation challenges such as stability and reliability especially when 
considering high penetration of renewable energy. This may include inter alia co-
optimization of spinning reserve and greater details on contingencies in the 
transmission system. 
2. A planning horizon of more than 15 years to account for plant life spans exceeding 
this time.  
3. A larger system such as the Australian NEM as a whole to capture the 
interconnections between the electricity and gas systems with other states. 
4. The impacts of various storage systems such as pumped hydro energy storage, 
battery-based energy storage etc. as they may impact the investments in and 
operation of electricity and gas systems. 
5. The proposed integrated model could be extended to consider the flexibility to 
transform gas demand into electricity demand by switching gas appliances to 
electrical appliances as this may impact co-planning outcomes.  
6. The impact of electric vehicle integration on the demand side as this may affect the 
operation of and investments in electricity and gas systems.  
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7. The effects of demand response on the investments in and operation of electricity 
and gas systems.  
8. Extension of the modeling framework to consider all years of the planning horizon 
as stages applying the dynamic framework proposed, which improves the accuracy 
of the results. 
9. Improve the solution method of the stochastic combined planning to consider more 
realistic assumptions for the case study and make it more applied to real-world 
planning.  
7.5. Limitations of the research  
The proposed integrated multi-stage planning presents some limitations in the 
modelling and case study.  
The first limitation is in the modelling exercise. The proposed long-term integrated 
planning requires a significant amount of data that requires some simplifications to provide 
computational tractability. One modelling simplification is on the assumption of the 
probability of occurrence for scenarios in the probabilistic technique. We have assumed the 
scenarios present equal probability of occurrence, which may not present the most accurate 
results. Another modelling simplification is on the future renewable energy capacity factor. 
We have considered that the renewable energy capacity factors for future stages, i.e. 2020, 
2025 and 2030 are equal to those obtained from historical data. Although we have captured 
cover seasonal, daily and, hourly variations of renewable sources and demand, some 
variations of renewable energy output may be observed. A third limitation is that disregards 
the impact of long-term gas contracts. Most of the natural gas trade and pipeline capacity has 
been based on long-term bilateral contracts between parties, i.e. gas infrastructure owner and 
gas consumers (gas-fired generators for example) as is prevalent in Australia. As the gas 
network have capital-intensive assets, these contracts aim to manage risk and ensure secure, 
fixed gas price to the consumers and ensure a secure purchaser for the gas infrastructure 
developer [99]. In addition to the bilateral contracts, the gas spot market allows retailers or 
large customers to buy gas without entering into long term contracts to meet short-term 
demand fluctuations [100]. This has been facilitated in the Australian East Coast, which 
includes Queensland, New South Wales, Australian Capital Territory, Victoria, Tasmania and 
South Australia. The planning of electricity and gas networks are often performed separately 
due to the long-term gas supply contracts that may affect the operation of power systems in 
133 
 
the short-term, reflect in the investments of generation and transmission in the long-term and 
in the gas price [65]. However, our expansion co-planning model is a simulation exercise that 
aims better understand the interactions of the two systems, identifies more efficiently the 
energy infrastructure weakness for meeting long-term energy demand and improve the 
network utilization efficiency in the cost-benefit analysis.  
The Queensland case study could have considered the interconnection with other 
states, especially with New South Wales (NSW). The Queensland and New South Wales 
(NSW) interconnector (QNI) is responsible for transport electricity between Queensland and 
New South Wales. It has around 600 km long and maximum transfer capacity of 700 MW 
north from NSW to Queensland and 1,078 MW south from Queensland to NSW [124]. The 
transfer capacity of QNI is frequently fully utilized and its inclusion might have significant 
impacts in the expansion planning. One of them is the reduced need or a deferral for new 
investments in generating plant to meet the peak demand in Queensland. As peak demand in 
Queensland and NSW are not coincident, the generation capacity can be dispatched in one 
region to meet peak demand in the other region. Another impact is the possible reduction of 
the overall fuel cost and variable operating cost. By allowing the sharing of generation 
dispatch through the interconnector, an increased dispatch can be made from lower cost 
generating plant in one region to meet the energy needs on the other region [125].  
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